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Preface

The decade since the 1973 Arab oil embaigo has been a
remarkable one for renewable energy. The major shift in the
econoinics of energy that began in the early seventies har-
nessed the technological capacities of the late twentieth cen-
tury. Since then the world's scientists, engineers, businessmen,
and ordirthry citizens have been hard at work in a vigorous
search for new sources of energy. New ideas and inventions
continue to command attention in technical journals and news-
papers almost daily. Increasingly, solar collectors: wind ma-
chines, biogas digesters, and many other renewable energy
technologies are becoming practical everyday devices used
throughout the world.



xii 1)reface

Renewable Energy. The Power to Choose charts the progress
made in renewable energy in recent years and outlines renew-
able energy's prospects. The focus is on practitalghere-and-now
technologies, and our intention 4 to be realistic yet hopeful.
We suggest a strategy for making the trans* to renewable
energy and evaluate the impact these changes could have on
different parts of the world.

Great progress has been made in ihinlcing about energy in
the last decade. Pk' to 1973, energy analysis seemed to consist
mainly of drawing exponEntial curves that were intended to
forecast future trends by assuming that past trends would con-
tinue. Today's world is much more compleiand uncertain, and
major strides have been taken in understanding the underlying
factors at work in energy trends, a fact from which we have
benefited greatly. The pioneering work of Amory Lovins has
contributed particularly to our thinking.

We are grateful to the U.S. Solar Energy Research Institute
and the George Gund Foundatia for supporting the reseirch
and Writing of this book. The Worldwatch Institute provided
an ideal setting for the project with its access to a wide array
of information sources as well as -a bright and capable stiff.
Lester Brown, the president of tWorldwatch, originally sug-
gested the writing of this book, and he provided ideas and
enthusiastic support throughout. -

9ther membeis of the Worldwatch Institute staff who re-
viewed the manuscript and made helpful criticisms are Kath-
leen Newland, Pamela Shaw, and Bruce Stokes. Much cif the
research for the book was carried out by Worldwatch research
assistants Ann Thrupp, Paige TOlbert, and Edward Wolf. And
special.thanks.are owed to the entire Worldwatch support staff
for its immense help throughout this project.

Dozens of people outside of Worldwatch provided com-
ments and suggestions as the book progressed,The entire man-
nscript was reviewed by Todd ,Bartlem, Eri Eckholm, Jose
Goldemberg, Denis Hiyes, James Howe, Rpn Larsen, and

12



preface xiii

Vac la% Smil Individual cliapters were reviewed by David An-
derson, Carl Aseliden, Thomai Cassel, Bill Chandler, Joe
Coates, Jeffrey Cook, Kenneth Darrow, Darian Diathok, Ron
Di Pippo, Peter Fraenkel, Calvin Fuller, Jon Cudmundsson,
Keith Haggard, Michael Holtz, Mark Lyons, Leonard Magid,
Paul Nftiycock, Scott Noll, Carel Otte, Alan Postlethwaite,
Mortimtr Prince, Vase! Roberts, Robert Schreibeis, Dianne
Shanks, Scott Sklar, Jeffrey L. Smith, Barrett St Kibler, and
Ben Wolff. Tbeir critical insights have been inv&able.

We also benefited from having a great editor. Kathleen
Courrier's literary skills were strengthened by her detailed
knowledge of renewable energy sources, both helped bring this
book to life. David Macgregor pitched in and did an excellent
job of editing the footnotes. All remaining omissions and errors
are, of course, our responsibility alone.

Daniel Deudney and Christopher Flavin
Worldwatch Institute
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C elebrating a new spirit of global coexistence, the industrial

,

nations in 1972 establishal an international research center
where the world's best shelars could gather to study human-
ity's most pressing prob ems. This unique venture. in coopera;
tive global forecasting ubbed the International Institute for
Applied Systems Analysis (IIASA)opened its doors in a
sumptuous Viennese palace in 1974. Soon the Institute
focused its computer models on the subject of energy.

For four years an internitional teain of distinguished scien-
tists and analysts studied, conferred, and wrote. Their work,

Energy in a Finite World, ,app.eared in seven languages in
1981.1 It laid forth more comprehensively than ever before a

..
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Renewable Energy%

planetary energy futurethe future implicit in the conven-
tional wisdom guiding many of the world's energy officials. In
IIASA's view hunianity will use three to four times as much
energy in the year 2030 as it did in 1975. Coal, oil shale, and

, niclear breeder reactors figure most centrally in this supply-
' side extravaganza. Renewable energy resources do not.

The IiPASA researchers may have lost touch with reality in
their years of labor, for most of the important devell§pments
on the world energy, scene, in the decade since the 1973 oil
embargo contradict th-study. The report largely ignores the
Rotential for energy conservation and fails to take into account

eir

rtant resource, env ironmental, and health limitations that
w make a fossil fuel- and nuclear-powered future more

t reatening than desirable. Moreover, the energy sources that
the IIASA researchers expect to make the largest contribution
have failed tb grow as rapidly as projected, while the energy
sources they ignore have soared.2

The safer, more mddest energy future charted in t4book
reflects a very different perspective. Its starting poinr is the
end-use approach to energy pioneered by Amory Lovins in the
mid-seventies, focusing firston the myriad needs for energy
and then on meeting those needs economically.3 The role of
indiv idual factories, communities, and individuals is empha-
sized, and the perspective is clearer since the actual motivation
and constraints that determine energy trends are ,apparent.
Another difference is that the focus.here is on the major energy
developments of the last ten years, particularly those that couid
affect future directions the most. One is energy conservation.
The other is renewable energy. P.

Energy conservation has been the lifelaciat in a decade-long
storm of energy problems. Conservation's short "lead times"
and modest costs niake it the ideal response to sudden oil price
increases. With few exceptions, industrial countries have in-
creased energy efficiency by io percent\or more since the early
seventies. Developing countries too havelegun to realize en-

16



Introduction: The Power to Choose . 3
)

ergy conservation's immense potential In the halls of govern-
ment and in industry boardrooms around the world, the central
role of energy 'Conservation is now accepted

The past decade has also witnessed a quieter energy revolu-
tion More than a dozen tenewable energy, sources have been
exiSlored, and many_ harnessed. Wood fuel and hydropower
have been used for centuries and todq prov ide nearly one-fifth
of the world's energy. Passive solar design, wind power, alcohol

. fuels, and geothermal energy also have been used in the past,
but not on the large scale they soon will be. Such new technolo-
gies as solar photovoltaic cells and solar ponds now appear to
have A huge, untapped potental. All of these energy sources
will last indefinitely, and all except geothermal power are based
on sunlight% hich annually delivers to the earth more than
lo,oco times, as much energy as humanity uses.4

The progress of the last several years m.ars a coming of age
for renewable energy. Technical advances have brought wind

- machines and solar cells to the edge of the commercial market
for electricity in some countries Over 3 million solar water
heaters have been sold in Jdpan ind 5 million wood stoves in
the United States. Government comn*ments have been
demonstrated by an ambitious alcohoPfuers program in Brazil,
wind antl solar programs in California, and geothermal and

1. ? wood energy programs in the,Philippines. Dozens of cummuni-
lies around the world have dev;eloped their own 'renewable

tvergy and conservation plans,, no longer relying exclusiv ely on
the programs of distant bureaucrats.

Equally important are the false starts and wrong turns now
on record. Some attempts to introduce solar cookers in devel-
oping countries and solar concentrating systems for electricity
generation in industrial countries, for instance, were oversold
and did not meet initial hopes But many of -the social and
technical problems encounteted have been instructive, and few
of these mistakes will have to be repeated. In some cases the

4 technology simply needs to be introduced more carefully. In

1 'i
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others a/new approach or a new technology is needed.
The aim of this book is to draw on the decade's experience

with renewable t nergy and critically assess its potential. Ten
years of trial and error have weeded out the less proMising
teclmologies, so the emphasis here is on the major sources of
renewable energy with the most potential. Passive solar design),
active solar collectors, solar photovoltaic cells, wood fuel, en-
ergy from other plants and wastes, hydropower, windipoWer,
and geothermal energy are covered at length, while such lim-
itedor lirnitingoptiofis as wave power and solar satellites
are discussea briefly. Although obitacles still surround the use
of these eight major sources, their collective potential is enor-
mous.

Of course, no energy transition can runfold overnight.
Switching ham wood fuel to coal during, the industrial revolu-
tion took most countries a centu,1 or more, while several
decades were needed to introduce óil and natural gas. The key
to a viable renewable energy-based future is th5t the wcifld find
means to make the transition graduallyphasing in new fuels
before the old ones run out and simultaneously reshaping

econbmies and societies. The most encouraging aspect of the
progress made in the last decade is that it has cleared the way
for gradual change. Energy conservation has provided breath-
ing room while new technologies are developed that will allow. .
a meshifig of renewable and conventional,energy sources dur-
ing the decades of transition. Change will be continuous and
the challenws enormous, but this process of historic change
swill also prdvide Dpportunities for creativity and growth for
generations ,to come.

One misconception that seems to spring up again and again
is that energy sources must come in large packages. Early on
sortie energy analysts did take solar energy to niean large arrays
of collectors strung across the world's deserts "and connected by
long-distance power lines to cities and factoriessolar ,power

, based on the nuclear model. While the opposite view--that

18
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Introduction: The Power to Choose 5

renewable, energy meant an exclusively "soft,' decentralized
energy pathalso found adherents in the seventies, a middle
ground is emerging' today Large and small, centralized and
decentralized energy technologies all appear to have their
place Wind power can be harnessed by the megawatt at "wind
farms" and Aso by small turbines that supply indiv idual homes.
Solar power can be captured at large solar ponds on vacant land
and by photovoltaic cells on rooftops. Renewable energy has
appeal for grow th-orientelikeconomists and safe-enerky advo-
cates alike.5 .

Vifty years from now historians May well look back aLthe
world's heavy reliance on one fuel as an unhealthy anomaly
born of decades of low oil prices. In the future differences in
climite, natural resources, economic systems, 'and social out-
look w ill determine whith energy sources will be used in which
regions Already Brazil is making alcohol fuels from sugar cane,
and China is converting agriculturA wastp to fuel in commu-
nity biogas digesters In Iceland geothermal energy ,is now the
most popular means 'of heating homes, whereas in Canada
fuelwood and passive solar design are providing a lar e share
of residential heat. The Onited States and lapan a e mean-
while applying theiitechnical muscle tt3 a pro)Rising pac-age
technologyphotovoltaics. Even within, nations energy sup-
plies will vary by region. Some countries`will make use of five
or six majof sources of energytrue energy security.

Of rcourse, 3s energy wpply patterni change so will econo-
Nes and societies Industries will tend to locate near large
rivers, geothermal deposits, and okher "lodes" of renewable
energy since the new fuels are- less portable than oil. New
patterns of erriVoyment, netv designs for cities, and 4 revital-
iNd rural sector could all emerge with renewable energy devel-
opMent Less welcome changes might include increased 'land-
use Repures and ,shifts in the bapnce, of econipmic power
amonrregions. ,

For individuits and the environ\nent the changes would be '''t

40
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6 Renewable Energy

rejuvenating. Because "renewables" are less polluti.ng than
coal, people will breathe easier as energy systems change, as will
crops and forests. And renewable energy offers people wiho are
interested the chance to take more direct control over their
energy supply. For others-,\r4ying on renewable energy will

simply involve flipping a swiia. As for housing, people will be
able to choose between free-standing homes that harness their
own energy or energy-efficient district-heated apartments, For
many people in the Thirt1 World, renewablvenergy develop-
niett will bring electric lights, running water, and space heat-
ing for the first time.

Renewye energy is the power of choice. It works in a rural
or urban setting, in centralized or decentralized systems. ze-
newable energy development is a gradual pr ss that unfOlds

with many small inVestments. A a tod does not fore-
close another option tomorro Banking on renewable energy
and energy-efficiency is fundamentally the most conservative
energy course we can take. Risks are minimized: options pre-
served.

risky cOurse is sticking mainly with coal and nuclear
wer. The invest'ments needed to buy the new technologies

and the environmental controls they require are too big to
allow investments in alternatives too. Mines, ports, railroads,
and synthetic fuel plants will have to be abandoned when coal
runs out or becomes too environmentally damaging to use io
heavily. To ensure that nuclear technologies do rV fall into the
wrong', hands, governments will have to poliertheir use, cir-
cu'mscribing civil liberties to do so. Environmental damage
from coal and nuclear plants will eventually make some areas
off limits and pose serious threats to human health. Equally
disturbing, the imposing institutions needed to guidrthese
megasystems coCild become too entrenched to respond to the
public's needs and desires.

Of course renavable energy will not flower on its own no
matter how powerful the logic behind its use. Important



Introduction: The Power to Choose 7

changes vv ill ha.ve to be in)plemented by national governments,
communities, utilities, and businesses. And those whose in-
come and profit is tied to existing energy sources will fight the
changes that the majority so needs. Yet the new golicie1 re-
quired will not turn our world upside down. They nled be only
improved versions ,of the research programs, financial incen-
tives, and community projects akeady afoot in many parts of
the worlid "Renew ables" already enjoy broad-based grassroots
support in many countries. And as more people seize the politi-
cal power to choose, that popular base is growing.

In the long run, humanity has no choice but to rely on
renewable energy No matter how abundant they may seem
toda> eventually coal and uranium will run out. The choice
before us is pQctical. We simply cannot afford to make more
than one energy transition Within the next generation. We
have not money enough or time.

so

w
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Energy at
the Crossroads

For most,of the last decade, the world has been stranded at
an energy crossroads. The shocks to the world economy caused
bi the oil price increases of the seventies have set in motion
complex reactions and adjustments that are still unfolding. In
198o \alone, scores of national and corporate energy forecasts
were torn up and discarded, their ten-year predictions rendered
irrelevant by a year of real-world deyelopments. Since then
analysts have again been caught flatfooted by the sudden slick
that developed in the world oil, market. Today confusion and

,hardship seem to typify the new energy era. The two global
recessions triggered in part by the rise in oil prices have been
a blow to near)y all countries, but especially to the poorest

22



Energy at the Crossroads 9

nations that nOw find it difficult to meet their most basic needs.
Rising oil prices, engineered in p.irt by the Organization of

Petroleum Exporting Countries (OPEC), are a blessing as well
as a curse, however. Petroleum cannot support civilization in-
definitely. The oil-price rises prepared people for the inevitable
and set in motion the wheels of ,shange.

Energy progress achieved ,so far has come largely from en-
ergy conservation. During the. last several years, the energy
saved via millions of small efficiency improvements by busi-
nesses and individual citizens has outstripped the impact of all

new sources of energy supply combined. Between 1919 and
1982 energy use fell io percent or more and oil consumption
was down .2o percent in many industrial nations, only partly

1 owing to the recession.1 In fact, without energy conservation
the oil "glut" of the early eighties would not exist. A sign of
hope, this trend toward effitiency opens up the possibility that
the energy transition can be smooth and gradual. In contrast,
if exponential growth in energy.demand were- to resume, that
transition would perforce be disruptive, even brutal.

More vexing questions about which energy sources the world
will rely on remain clouded in uncertainty. Oil and natural gas
will play an important but diminishing role for some time, but
how long is lesithan clear. Coal will likely grow in importance,
but how much we should burn considering the serious side
effects of its use is a tough question. In the ongoing debate over
nuclear power, economic, health, and safety uncertainties con-
tinue to come to light. Answering these thorny questions, how-
ever difficult, has become an obligation for ourselves and our

children.

The Oil Rollercoater

Oil is a remarkably versatile and valuable fuel. It contains more
energy per volume than any other major fuel, and it is easy to
extract and transport. What's more, petroleum refining is so

2:3



10 Renewable Energy

highly evolved that the same barrel of oil can power jet air-
planes, light a peasant household, or serve as a feedstock in
plastics production. Technological progress and inexpensive oil
went hand in hand in shaping industry, agriculture, ancl life-
styles during the twentieth century.

As recently as 1950 oil supplied less than 30 percent of the
world's "commercial" energy. At that time industrial econo-
mies relied heavily on coal,4which was the major fuel every-
where except North America. Oil's rise came rapidly. Petro-
leum extraction expanded by over 400 percent between 1950
and 1973. (See Figure 2. 1.) Soon nations that had never psed
oil before and possessed no domestic reserves were using it to
runiheir industries and vehicles.,From the United States the
petroleum economy spread rapidly to Europe, Japan, and the
Soviet bloc countries, abd later to the developing world. In
Japan oil imports increased eightfold between 1960 and 1973,
making the country briefly the largest oil importer in the world,
dependent on the Middle East for half its energy.2

Altogether oil now supplies 44 percent of the world's com-
,-4ercial energy and 38 percent of total energy (including bio-

mass), but even these numbers understate its impact on soci-
eties.3 Industries built thousands of new plants that relied on
oil and natural gas, and consumers began using oil and gas to
heat and cook. The "car culture" took longer to spread outside
the United States, but since 1970 the world automobile fleet
(now consisting of over 300 million vehicles) has been the most
rapidly increasing oil consumer in many regions. Electricity use
also rose.dramatically during this period. In the past, electrifica-
tion had been, based mainly on hydroelectric darns, but the 5
to 10 percent annual growth rates of the sixties to a large extent
reflected the contribution of new oil- and gas-fired plants. Huge
amounts of capital were sunk into equipment that could be
powered only by petroleum.

As reliance on oil continued ta rise in industrial countries,
petroleum use in the Third World increased too. Yet even

24
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Figure 2.1. World Commercial Energy Use by Source 1950-1980.
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today the developing countries, which contain three-quarters
of the world's population, consume just one-quarter of the oil
used each year. Many developing countries use less than one
barrel of oil .per person annually, compared to over twenty
barrels per persqn each year in some rich nations.4 Of course,
what makes this comparison striking are the more than 2 bil-
lion people who still rely mainly on such traditional fuels as
crop wastes and wood.

Oil long seemed the ideal fuel for development. Using it
requires relatively modest investments in transportation and

2 ::)



12 Renewable Energy

combustion facilities. Then too, unlike some traditional fuel's
oil can be used with equal ease in cities or rural communities.
Until the late seventies, virtually all development ptans were
predicated on the availability of cheap oil.

Today, sixty-seven developing nations rely on imported oil
- to meet three-quarters of their comniercial energy needs. Most

face a fuelwood shortage as well.5 Modern housing, industry
(especially cement, chemical, and pulp and paper producers),

4,- and transportation all rely heavily on petroleum. Even in poor
rural areas, the oil era has left its mark. Kerosene is becoming
an important lighting and cooking fuel, particularly where fuel-
wood is scarce. Diesel-powerestgenerators and pumps have in
the last decade become a common sight in Third World vil-
lages and farmsemblems of increased agricultural productiv-,
ity and higher living standards.

For both industrial and developing Countries, cuirent oil
dependence is less important than the tremendous momentum
toward increased dependence that had built up by the time of
the 1973 oil embargo. World oil consumption consistently rose
6 or 7 percent annually, in good years and bad, and alternatives
to oil were rarely even considered. By the early seventies eco-
noinic growth and rising oil consumption appeared inextricably
linked.

The Arab oil embargo of 1973 and the Iranian revolution of
1979 will enter the history books as watershed events that
brought about some of the most important changes in the
twentieth century. As oil prices rose from $2 per barrel in the
early seventies to $12 per barrel in the mid-seventies to $35 pei
barrel by the end of the decade, the initial impacts were eco-
nomic. Inflation became a global epidemic, reaching an aver-
age rate of ii percent in the Western industrial countries by
1981. Inflation subsided in 1982, bul slow economic growth
and soaring unemployment were other legacies of the new era.
In Western Europe alone, over 16 million people or io percent
of the labor force were without work in 1982, a particularly

-
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grim new record Few economists expect a return of the vi-
brant economic growth that provided adequate jobs until the
early seventies.6 ,

Though they were not the only difficulty facing the world's
economies in the se% enties, oil prices were nonetheless a critical
variable. They turned good economic performances into medi-
ocre ones and put marginal economies on the intensive care
list. Even at current prices and with continuing slack in the
market, the cost of oil will cause economic problems for years
to come. As a 1980 report by the International Energy Agency;
concluded, the oil upheavals of the seventies "signalled a fun-
damental change iPthe ability of the industrialized nations to
chart their :own economic destinies."7 .

For developing countries that need economic growth to
alleviatt poverty, the situation is particularly bleak. Although
the oil requirements of Third World nations are small by
industrial world standards, oil vulnerability is even greater. Net
oil imports 'n' off-importing developing countries doubled dur-
ing the se ies, and the cost of those imports rose nearly fifty
times, rea ng an estimated $47 billion in 1980. Today oil
imports eat up more than a third of export earnings in most
developing countries. As Costa Rica's economic minister ob-
.served, "In 1970, one bag of coffee (Costallica's chief export]
bought ioo barrels of oil, but today, one bag of coffee buys just
three barrels of oil." The oil-import bill in Turkey in 1980
exceeded the country's total export earnings, and in Ban-
gladesh, India, Sudan, and Tanzania, the figure 'was over 50
percent.8

In much of the Third World industrialization has slowed
and agricultural productivity is stagnatingproblems that the
high price of oil greatly exacerbates. In many rural areas reliant
primarily on traditional biomass fuels, the end of cheap oil
means that fuelwoocl will continue to be used up faster than
it can be replenishe.d and crop wastes will not be returned to
the undernourished soil. The tropical forests of developing
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countries shrink by 1.2 pekent annually (some io to 15 million
hectares or an area the size of Cuba each year), and fuelwood
shortages have become a mak* Third World energy problem 9
Without doubt the need for a rapid energy transition is more
critical and the isSues raised more fundamental in developing
countries than in the richer nations,

Predicting the adequacy of oil suppiies is well nigh impossi-
ble these days. Geological uncertainties, OPEC connivings,
political instability, and the shifting responses of consumers
have left oil analysts in disarray. One five-year forecast made
in 1982 concluded that oil prices would be between $15 and
$15o a barrel and ",the probability that fhe price could be
anywhere in that range is about equal."9 With so many forces
at work on the world oil market, instability is bound to con-
tinue, and this in itself presents a tremendous threat.

Global proven reservesnf oil now stand at approximately 65o
billion barrels, and perhaps another 600 billion remain to be
discovered. Although together these supplies equal 2.5 times
the amount of oil the world has used so far, they could be used
up rapidly if demand grows. Assessments of future oil-produc-
tion' levels made in the seventies that were based on reserve
figures and assumed escalating demand led to the conclusion
that production would peak in the early nineties at 50 percent
above current levels and thew fall precipitously.0

Geological estimates of:oil reserves have changed little Sinde
the early seventies, but most other aspects of the oil prospect
have. 'Energy conservation combined' with a global recession
has caused world cause to fall dramatically between 1979 and
1982. Not since oil became the world's largest energy source
has there been a continuous tree-year decline. In-the major
industrial countries oil demand 'appears unlikely to regain the
1979 peak kvel in the foreseeable future. While this slack in
demand will help relieve pressure on the world oil market,
those developing countr)s that can afford to claim a more
equal share of the world s petroleum will provide a counter-

C
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force. Led by rapidly industrializing countries such as Brazil
and So Uth Korea and by oil exporters that still keep domestic
oil prices low, such as Mexico and Nigeria, the Third World
is likely to more than double its petroleum needs in the next
two decades, accounting for most of the additional pressure on
the oil `market.12

The outlook for oil supply is meanwhile domiriated by geo-
logical considerations in countries that have limited reserves
and by political uncertainties in the few oil expoiting countries
that have ample resources. In the United States,,the world's
first.inajor oil producer, oil production in all areas but Alaska
has fallen 25 percent since,1970. Oil-price decontrol has briefly
slowed the decline, but the petroleum yield per foot of explor-
atory well continues to fall. The United States, much of
Europe, and parts of the Soviet Union are dependent mainly
on over-the-hill oil fields.13

During the eighties oil production declines in the United
States and a few other natious should be offset by small in-
treaS'es in China, Mexico, and one or twp Middle Eaitern
countries Significant' global increases could stem only from
improbable decisions by the major oil exporters, improbable
political stability in the Middle Eaq, and improbable turn-
abouts in the findings of petroleum geologists. On the other
hand, one or two minor wars or national revolutions could
reduce world oil production considerably. On balance, world
oil production will probably never rise more than io percent
above the '1980 level of nearly 6o million barrels per day.14

Today the Western industrial countries and Japan cOnsume
more than 6o percent of the world's oil, but produce less than
one-quarter of the total. In fact, the resource base has shifted
to the developing world even more rapidly than these figures
indicate. Approximately10 percent of proveri oil reserves lie in
the Third World, three-quarters of that in the Middle East and
North Africa. In contrast, the Soviet Union has io percent and
North America and Western Europe combined have just 9
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World Oil Production, Consumption,land Reseives, 1980

Region Production Consumption Proven Reserves*

(million barreLsper day) (billion barrels)

Middle East _I 8.2 r.6 362

Africa 6.o 1.5 55

Asia-Pacific' 4.9 io.8 40
West Europe 2.5 13.9 23

Latin America- 5.6 4.6 70

. North America io.i 18.3 33

USSR & E Europe 12.4 10.9 66

Total** 59.7 61.6 649

*Figure for year end
**Production and consumption totals differ due to different accounting methods

Source- Batic Petroleum Data Book, Oil and Gas Journal, and BP Stati;tical Review

percent of global oil reserves. (See Table 2. 1.)15 It is these
figuresnot the absolute size of oil reservesthat will largely'
determine the adequacy of world petroleum supplies. VVhether
there is oil enough to continue production at current levels for
fifty years matters little if just two or three countries control
it. Reliance on so extremely concentrated a resource is an
invitation to crisis. Although the current slack in the oil market
is well entrenched, it is far from pertanent. Unless the transi-
tion away from oil dependence continues to gather momen-
tum,onother oil disruption by the end of the decade is worth
betting on.

Natural Gas: A Temporary Buffer

One possible cushion against oil shortages is natUral gas, a
relatively new and underexploited resource. As recently as
1972, the United States used half of all the world's natural gas
and only a few nations used it in significant amounts. Since
then natural gas has been one of the fastest growing energy
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sources. It now supplies 20 percent of the world's commercial
energy and 18 percent of its total energyabout half as much
as oil does.16

Most natural gas is found together with oil deposits. Untilirecently, it was often simply flaredburned for no p Tose
Indeed, without pipelines and related facilities, thr recious
fuel is of little value. In many places where natural gas abounds,
only a few industries or private consumers are in a position to
use it.

Yet flaring will go by_the way as more people recognize
natural gas's value as a clean and efficient fuel and 8 a feed-
stock for petrochemicals. Already some countries limit oil pro-
duction to reduce the amount of gas being flared, and many
companies have recently begun exploring for natural gas. An-
other sign of the growing value of natural gas is its rising price.
Once far cheaper than an equivalent amount of oil, gas now
costs almost as much wherever a competitive energy market
exists.17,

It is easier to 5e optimistic about gas than about oil supplies.
Many as yet untapped areas hold great promise. Deep reser-
voirs as well as such unconventional sources as geopressured
aquifers, coal seams, and Devonian shale may all yield gas
Huge, a sy-to-tap reserves in the Middle East and other oil-
produ ng regions will be exploited as soon as the necessary
facilities are built. In contrast to oil production, natural gas
extraction is likely to rise 20 tO 30 percent during the next two
decades.18 ,

.... Unfortunately, the world's natural gas reserves are as une-
qually distributed as its oil reserves. Most of the increase in
output will occur in just four regionsMexico, the Soviet
Union, the Middle East, and North Africa. A few other devel-
oping nations have ample reserves, but most poor countries do
not. Among industrial countries, natural gas is a severely lim-
ited resource. Most U.S. reserves have been tapped, and the
United States will be lucky to maintain current production
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levels Tor the next decade. Western Europe will obtain large
amounts of natural gas from the North Sea during the eighties.
But Europe's chief gas resource, which is in ,the Netherlands,
will diminish steadily. On balance, natural gas will be a, major
energy resource for just a few nations.19

For the world as a whole, however, even expanded natural
gas supplies do not spell energy salvation. Tile costs and safety
problems of transpojting large quantities of liquefied natural
gas overseas cannot' be dismissed lightly, and geography will
limit pipeline exports of gas to such natural connections as that
between the Soviet Union and Western-Europe and between
Mexico and the United States.2° Put bluntly, natural gas is not
oil's equal. It can never be widely traded on the world market.
Nor can it be put to all the tasks oil performs. Although it is
ideal for heating homes and for use in the manufacture of
nitroge fertilizer; it cannot replace oil in the world's automo-
bile fleets r in remote Third World villages. At best, natural
gas cin hel ushion us from oil shocks and help us buy time
to develop in igenous, sustainable energy sources.

King Coal

Eclipsed by oil since mid-century, dirty old coal is well on its
way to being king again, according to some energy analysts.
World coal use is expanding by roughlY 3 percent yearly in the
eaily eighties, after more sluggish growth in the sixties and
seventies.21 In Australia, India, the United States, and other
coal-producing nations, huge investments are going into coal
mines, transport facilities, and coal-fired power plants. Even
virtually coal-less nations such as Japan and Sweden are gearing
up to use large quantities of this resource.

Part of coal's appeal is its abundance. No other fossil fuel is
so plentiful. Recoverable reserves are estimated-at 66o billion
metric tons, 270 times the amount extracted each year. Today
coal supplies 27 percent of all commercial energy used and 24

3 2
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percent of total energy Almost certainly it will overtake oil as
the world's largest source of energy by the nineties.22

The most thoroughgoing evaluation of the-coal prospect is
the World Coal Study, a decidedly bullish assessment com-
pleted by a team of cOal experts from sixteen countries in 1979
Assessing likely demand for coal in various regions and then
projecting supply aailability, the international team forecasts
that coal use will double or triple in the next two decades.
(Over the last twenty years, coal use has increased only 40
percent.) "In the industrialized countries coal can become the
principal fuel for economic growth and the major replacement
for oil in many uses," the study concludes.23

The World Coal Study is far from the last word on the coal
outlook, howeer. It underestimates the potentially enormous
economic constraints on the use of such large amounts of coal.
Nor does it take proper account of the environmental and
health consequences of using coal to replace oil, much less the
widespread public opposition to further increases in coal use
they could ignite. And it does not acknowledge fully that coal
is at best a second-rate substitute for oil in many applications.
Indeed, even if production triples, many nations will be hard-
pressed to make coal serve their most essential energy needs.

Transportation figures centrally, in the economics of coal
since ten countries possess 92 percent of the world's reseives
and three nationsChina, the Soviet Union, and the United
Statesown 57 percent. (See TaBle 2. 2.) Today only 8 per-
cent of he world's coal is exported. To triple world coal use,
world trade in,steam coal (which is used for everything but steel
production) would have to rise approximately twelvefold.24,
That mount of shipping could raise coal's price significantly,
since transpprting it requires large investments in port facili-
ties, barges, railroads, and slurry pipelines.

Transportation is by no means the only big expense in the
coal business. Power plants and induStrial boilers require huge
investments. And if synthetic fuels facilities are eventually
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Table 2. 2. Coal Reserves and Annual Production for Major
Coal-producing Countries, isr77

Economically
Country recoverable reserves Production,

(billion . (Percent) (million metric (Percent)
metric tons) tons per year)

United State; 167 25 560 23

Soviet Union 110 17 510 21

People's Rep. of China ost 15 373 15

Poland 6o 9 167 7
United Kingdom 45 7 108 4'
South Africa 43 7 73 3
West Germany 34 5 120 5

Australia 33 5 76 3
India 12 2 72 3

'Canada . - 4, <1 23 1

Other Countries 56 - 8 368 15

World 663 100 2,450 100

Source. World Cc;21 Study

built to transform coal into liquid and gaseous fuels, they will
boost the cost of using this ene?gy source dramatically. In
isolation no single investment seems unmanageable. But added.
together they make a doubling or tripling of coal production
staggeringly expensive to producers and consumers alike.

The largest costs.of expanded coal use are health. and envi-
ronmental. Increased coal use likely means more deaths among
miners,-more air polintiori,,more land degradation, and more
carbon dioxide build-up in the atmosphere. New technology
and addition& money can alleviate smile of these problems, but
such expenses hurt coal's economic viability. Other problems
such as carbon dioxidemay elude control altogether.

Mining coal i a deadly occupation. While major coal pro-
ducers suCh as China and the Soviet Union do not publish
statistics, an estimated 15,000 to zcoo coal miners are killed
an the job each year. The majority of hese deaths are in China,
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India, and the Soviet Union, where most of the coal is ex-
tracted manually rather than by large machines. Indeed,
thoughChina ahd the United States produce roughly the same
amount of coal, between 3,500 and 5,000 Chinese miners are
killed yearly compared to 150 in the.U.S. Clearly mechanizing
the coal industry and adopting safe operating procedures makes
a difference, but given the long governmental neglect of these
problems and the high cost of mechanizing Third World
mines, a major increase in Coal extraction is dikely to take a
heavy toll in miners' lives.25

The localized health effects of coal burning are like mining
casualtiespreventable in theory but not always in practice.
The,pollution controls now used in Western industrial coun-
tries have made coal burning much cleaner than it was in the
early industrial period. In particular, pollution-control technol-
ogy has removed the sooty particulate matter that once covered
many cities. Yet large amourtts of sulfur and nitrogen oxides
and other pollutants are still emitted. In developing countries,
where most coal is burned in small boilers, pollution-control
technologies often cost too much to use at all.

Exactly how many people coal burning kills is difficult.to tell,
but a convincing 1980 study found that doubling coal use in
the Ohio Valley (as the U.S. Government proposed to do ta
reduce oil use) would shorten lives of 45,000 people over a
five-year period even if the $3.2 billion needed to meet pollu-
tion-control standards is spent. Given that 5o,00o people al-
ready die prematurely from coal pollution each year in ihe
upited States alone, the worldwide count is probably around
UNE a million a year. 'Unless stringent and expensive controls
are widely imposed, increasing coal use would probably
shorten the lives of several million people in the next two
decades.26

The dimensions of another form of coal pollutionacid rain
are just coming to light. Caused when sulfur and nitrogen
oxides released from fossil fuel combustion combine with at-
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mospheric water, acid rain is of growing concern in such indus-
trial regions as northern Europe and eastern North America.
In these areas acid rain is destroying aquatic life and damaging
historic buildings, monuments, and other manmade structures.
Unlike mining deaths and local air pollution, the effects of acid
rain are often experienced hundreds of miles from the pollution
source, making regulation difficult and tension between border-
ing states and nations likely. Exacerbated by the use of tall
stacks to disperse local pollutants, the acid rain problem rein-
forces the need for expensive *ollution-removal systems.27

Carbon dioxide emissions from coal burning ,inay prove a,
more far-reaching and intractable pollution probtem. Since the
Industrial Revolution, the level of carbon dioxide in the atmo-
sphere has increased by approximately 20 percentpartly as a
result of coal burning, which releases substantially more calbon
per unit of available energy than oil and gas do. Scientists
estimate that tripling coal production by the century's end
could double carbon dioxide concentrations in the atmosphere
by the year 2025. If, as many scientists suspect, carbon dioxider
accumulation causes the atmosphere to warm up, weather pat-
terns could be altered, probably reducing rainfall in some agri-
cultural areas. Ocean levels would rise as Antarctic ice melted.
While technically possible, removing carbon dioxide from
stack emissions is prohibitively expensive.28

Carbon dioxide poses unique dilemmas. Conclusive evi-
dence about its effects could well come only after the problem
is beyond repair, and few politicians make careers of attacking
the next generation's problems. Moreover, given the global
scale of carbon dioxide pollution, unilateral efforts to halt its
release would have little effect. So great-are the complexities
surrounding the carbon dioxide issue that some argue that
effective action is hnpossible and that we should begin plan-
ning for the "warm up." They would be right if carbon dioxide
buildup were coal's only drawback. But it is not. The need for
"a breather" so that scientists can continue to assess the magni-
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tude of the carbon dioxide problem is only\me element of a
powerful case for slowing the growth of coal use.

Coal's final drawback is its limited utility. Today fully 6o
percent of the world's coal is used to generate electricity, and
another 23 percent (high-grade metallurgical coal) is Itsed for
steel production.29 Most of the remaining 17 percent is con-
sumed for other industrial purposes. The contrast with oil
could scarcely be greater. The most common (and valuable)
uses of oil are as a fuel in traqsportation and buildings and as
a feedstock in petrochemical production.

Most likeli41the uses to which coal is put will not broaden
significantlyin the near future. The economic constraints are
simply too large, a point even the most bullish coal forecasters
recognize. The World Coal Study concludes that mosroff the

'huge increaSy it forecasts will be used in power plants. Coal's
role in industpy could increase substantially where coal is acces-
sible, but the many small industries far from cbal mines or in
areas that already have heavy air pollution will have to find
othe alternatives. In residential and commercial buildings,
coa has little place. It is simply too expensive to transport and
to dirty to use.

Coal would hold more promise if it could be converted into
a liquid or gaseous fuel cheaply and effectively. But while coal
chemistry has become sophisticated after more than a century
of research, coal-conversion processes remain complex and in-
herently energy inefficient. Cost estimates for synthetic fuels
plants have escalated as quickly as oil prices since the mid-
seventies, extinguishing early optimism about "synfuels." Ac-
cordingly, ambitious synthetic fuels programs in the United
States and West Germany have been scaled back greatly. By
most reckonings, synthetic fuels will play only a minor role by
the end of the century. The most economical synthetic fuels
are likely to be methane and methanol rather than the more
complex hydrocarbons.3° -

For the foreseeable future, coal will be used mainly for

3 7
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electricity generation. Already coal-fired power plants have a
significant economic edge over oil-fired and nuclear plants in
areas where coal is abundant. But coal addresses onlya small
slice of the energy problem in most areas. Less than a third of
the world's electricity is currently generated using petroleum,
in such countries as France and the United States, substituting
coal for oil completely in electricity generation would reduce
oil imports by a mere io percent. Meanwhile, the growth rate
in electricity demand has fallen off precipitously in much of the
world, making a mockery of extravagant forecasts for coal's use
in power generation.

Nuclear Power; Too Bleak to Meter

Nuclear power has had a short and meteoric history. No other
new energy source has received as much government support
or stirred such controversy. Originally conceived as safe and
"too cheap to meter," nuclear power enthralled scientists and
the general public alike during the postwar period. Several
governments, led by the United States and the Soviet Union,
supported large nuclear research programs, and the technical
breakthroughs of the fifties soon became the "commercial suc-
cess" of the mid-sixties as governments persUaded utilities to
begin investing in nuclear power.31

During the sixties and seventies, utilities in Canada, France,
Great Britain, Japan, t Soviet Union, and the United States
committed billions o iollars o this new technology. These
nations were soon followei many other industrial countries
and a few developing countries. egioning in 1970 the number
of operating nuclear plants increased rapidly. By 41 some
256 nuclear reactors in twenty-two countries were supplying
approximately 8 percent of the world's electricity (2 percent of
total energy supplies).32 Energy planners foresaw a rosy future
in which nuclear plants not only supplied most electricity but
also began to displace residential and industrial fuels. Literally
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thousands of ptants would be required to meet those goals, but
nuclear experts from the Soviet Academy of Sciences and the
U.S Atomic Energy Commission alike were genuinely confi-
dent that their goals could be Met. Construdion, they argued,
would become easier and costs would fall as the industry ac-
quired experience. .

The prospects for atomic power began to dim almost as soon
as the first large nuclear plants were completed. As a theoretical
prospect materialized into a concrete leality, important unan-
swered questions related to public safety, long-term waste dis-
posal, and weapons proliferation emerged. Political opposition
to nucicar power began to grow. By the mjd-seventies individ-
ual,plants in Europe, Japan, and North America had become
targets of local public protest, and by the early eighties many
government officials and nuclear scientists had joined the grow-
ing anti-nuclear movement.

Since the first days of civilian nuclear power, disposing of
spent nuclear waste has been a major concern. Twenty-five
years after the first commercial power plant began operation,
it still is. Early hopes that nuclear wastes cquld be stored in
extremely stable geological formations for millennia have been
dashed by the realization that extensive tunneling and drilling
destabilize rock structures. And our ability tq predict the paths
of spbterranean water flows seems more questionable as we
learn more about the earth's inner complexities. Nevertheless,
some pronuclear countriesnotably France-4ave moved
ahead with retrievable storage systems that rely on the capacity
of future,generations to monitor the materials effedively, re-
pair the _containment vessels, and prevent their tbeft. Such
measures are obviously expensive, and their long-term effec-
tiveness can never be guaranteed.33

Born of warfare and then transferred to civilian power pro:
duction, the two uses of nuclear energy have never been se-
curely separate. The early beliefcentral to commercial nu-
clear power's acceptabilitythat civilian reactors and
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bomb-making capabilities could be kept apart grows less plausi-
Able each year. New technologies for making nuclear power
vmore efficient are further eroding this thin line, and the Inter-
national Atomic Energy Agency's proliferation safeguards sys-
tem is generally recognized as too weak to prevent the diversion
of nuclear materials from power pldnts to warheads. In the
wake of India's surprise detonation of a bomb made from
materials from a civilian reactor, several countries now appear
to be developing nuclear bombs behind the façade of a "peace-
ful" nuclear power program. While .a few additional nuclear
weapons in a world with over 5o,00o warheads might seem a
small additional risk, the possibility that irreiponsible govern-
ments may acquire nuclear materials makes nuclear power an
extraordinarily dangerous way to generate dectricity.34

Meanwhile, some fundamental economic problems have
also begun to plague nuclear power. Irvin Bupp of the Harvard
Business School observes that "the nuclear plants that were
being sold in the mid-sixties on the promise of cheap power
would not actually begin to operate until the early se-venties.
But there was little or no effort by reactor manufactureii. by
the purchasers or by the government itself to distinguish fact
from fiction on a systematic basis."35 It turned out' that theke
original cost estimates were low by a large margin, a fact tFat
became painfully apparent as cost overruns accelerated
throughout the seventies.

The most thorough economic study done so far is by Charles
Komanoff, a U.S. energy analyst. He found that in the United
States between 1971 and 1978 real capital costs for nuclear
plants (after accounting for inflation). rose 142 percent-13.5
percent per year or nearly twice as fast as costs for coal plants.
KoistRoff's analysis indicates that these increases were not,, as
titellqnstry alleges, caused by licensing delays. Rather, cost
increases reflect design changes needed to resolve important
safety problems discovered as eirlier commercial plants began
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to operate. Komanoff concludes that similar increases can be
expected in the eighties as we face still unresolved safety issues,
including those raised by the accident at Three Mile Island. As
a result the simple economic viability of nuclear power is now
uncertain at best.36

A related obstacle confronting nuclear power is one that it
shares with coalslowing growth n demand for electricity.
Nuclear power is used virtuallttntirely for electricity genera-
tion, andelectricity demand sluMps have been one of the major
reasons for power plant cancellations in recent years. In France
it now appears that the country will have expensive excess
nuclear capacity by the late nineties, a probkm the govern-
ment could solve only by dramatically lowering electricity
prices.37 Yet in France, as elsewhere, cost overruns 9n current
nuclear plants are partly to blame for electricity price increases.
For the remainder of the century, coal and nuclear power will
be competing mainly against each other in a severely limited
electricity market, and coal has a decided edge in most coun-
tries.

The combined effects of cost overruns, slowing growth in
electricity demana, high interest rates, and widespread public
opposition are showing up in utility construction programs,
particularly in the United States. Although most U.S. utilities
still outwardly express enthusiasm for nuclear power, many are
simUltaneously pulling the plug on the industry. From a peak
of twenty to forty new plants per year.in the early seventies,
new orders fell to an average of three per year between 1975
and 1978 and then ceased entirely. Meanwhile, nuclear plant
cancellations mounted steadily, reaching a total of fifty-eight
for the years 1977 through 1982, a figure that repreSents more
than the total installed nuclear capacity in the country in 1982.
Once it was assumed that the United States would have
300,000 to 500,00o megawatts of nuclear capacity by 1990
with even faster growth in later years. More likely now, U.S.
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nuclear capacity will be less than 120,000 megawatts in 1990,
with little further growth in the nineties.38 .

Canada, Great Britain, Japan, and West Germany hive
scaled back their nuclear programs, too. Rising costs are part
of the reason, but even more important is mounting public
opposition to nuclear power. In Germany a de facto.morato-
rium on new plant orders has been in place sincefr early
seventies. And in Sweden, which gets fully 15 per&nt of its
electricity from nuclear plants today, a 1980 referendum
banned further orders for new plants and decreed that nuclear
power will be phased out by zolo. France is perhaps the only
Western country likely to rely heavily on, nuclear power in the
coming decades. France now gets over 40 percent of its elec-
tricity from nuclear power, but French nuclear critics charge
that the country's program survives largely through taxpayer
subs' ies.39

clear programs in Eastern Europe have follOwed a similar
pathsurprising,'considering the differences in the political
systems of those countries. There, too, nuclear plant construc-
tion has been more costly and slower than expected. Although
Soviet leaders continue to support the nuclear program, actual
capacity today is less than half the level forecast in the early
seventies. During ,the early eighties, projections for 1990 were
trimmed by more than 40 percent.4°

In the Third World nuclear power has had a mixed Wel-
come. -Today a handful of developing countries are .pperating
nuclear plants, and about a dozen more have nascent nuclear
power programs.4' For many'developing copntries, technologi-
cally sophisticated nuclear power has important prestige value.
In the.Third World nuclear power's financial problems, how-
ever, appear intractable since huge capital investments are
needed.

Another problem that impedes nuclear plants in the Third
World is their size. Even the smallest reactors marketed in

a
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industrial countries are too large to be used in the electricity
grids of most developing nations. If a single power plant pro-
vides too high a proportion of generating capacity, shutting it
down knocks out the entire system': Canada and France have
attempted "to get atound this diffiOulty by marketing "mini-
reactors" in the Third World, but electricity from these "small
fry" costs much more than that from larger power plants.

Compelling evidence suggests that nuclear power will supply
just 3 to 4 percent of the worId's energy during the closing years
of this century. By logo the world will likely have about
300,000 megawatts of nuclear capacity. (See Table 2. 3.)42 The
outlook for the year is more uncertain, but growth rates
are likely to slow t.since many of the recent cancellations
have been for pl scheduled for completion in the
nineties. Given cohtin cost overruns and the long lead
times for nuclear plant construction, nuclear power cannot
possibly soon provide the massive coritributions to the world
energy supply. that were envisioned a few years ago.

Table 2. 3. Estimated World Nuclear Power Capacity, 1981 and
Projections to Year 2000

Region 1981 1990 2000

(t000 megawatts)

Western Europe & Japan 57 115 150 \
North America 6o 120 130
SoViet Union & Eastern Europe 16 50 75
Developing Countries 3 18 25

Total 136 ,303 380

'Source U S Atomic Industrial Forum and the Financial Times Enere Economist
The projections are the authors'

Soine optimists still cling to the hope that new nuclear
technblogies will one day resurrect this problem-plagued en-
ergy source. In particular, many hopes have been pinned on the
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breeder reactor. The attraction of the breeder reactorwhich
is being developed in France, the Soviet Union, and the
United Statesis that it would Produce more nuclear fuel than
it consnmed, unlike conventional reactors that consume pre-
cious enriched uranium. Yet today uranium is plentiful and its
cost is falling. More to the point, breeder technology is likely

,to come up against most of the economic problems that con-
front light water reactors. On a commercial scale, breeder
plants would likely be extremely complex and expensive and
would raise safety and proliferation hazar4s. As commercial
operations increased, traffic in plutonium, a raw. material used
to manufacture nuclear bombs, would inevitably rise, greatly
increasing the likelihood of nuclear war or terrorism.43

Even ignoring these formidable problems, the earliest sub-
stantial energy contribution breeder reactors could make would
come in 2010. Meanwhile, breeder technology absorbs well
over a billion dollars of government research funds each year
-:--funds that could be far more productively spent on other
energy sources. _

Nuclear fusion is another technology under extensive re-
search. To explore the attractive possibility of producing inex-
pensive power by fusing isotopes of superabundant hydrogen,
hundreds of millions of dollars are being spent. Some fusion
enthusiasts speak of the technology with a messianic zeal, hav-
ing transferred to it the old hope of unlimited and environmen-
tally benign energy. But research efforts have yet to demon-
strate even the technical feasibility of commercial fusion
power,and energy technology's history is strewn with theoreti-
cally brilliant devices that never made the jump to economic
viability. Fusion technology, in contrast to breedef reactors,
does deserve continued government-backed research But for
all its promisethis technology remains speculative, and the
bets won't be called in until the year 2025 at the earliest:14
Fusion therefore offers no answers to the most pressing energy
problems of the near future.
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The Conservation Revolution

The prospects for oil, natural gq, coal, and nuclear power
afford little optimism about our energy future. The inexpensive
and convenient energy sources are running out, while the abun-
dant sources are dangerous or poorly matched with the world's
energy needs. The conventional "supply-side" approach to en-
ergy planning appears increasingly uneconomic and antisocial.

But amid these disappointments, conservation is a shining
light. From tiny bungalows to steel mills, improved energy
efficiency has been the most successful response to rising oil
prices. Today saved energy costs less than energy produced
from new sources almost everywhere, a development that has
brought many economists up short. Truly a "conservation revo-
lution," this radical departure from established trends provides
hope for resolving the world's energy dileminas.

The most common way of gauging egergy conservation or
energy efficiency is to compare the rata4 growth of energy use
with that of national economies. After World War II the two
tended to grow in parallel, and conventional wisdom held that
they were inalterably linked. But since the early seventies eco-
nomic growth has been three times as rapid as energy growth
in the United States, and in Europe and Japan it has been twice
as high. By 1981 the economies of the Western industrial
countries were already 19 percent more energy efficient than
they were in ic,175. Conservation's contribution to meeting
additional, energy needs during this period was several times
the size of all new sources of supply combined. Between ic,79

and 1981 alone, oil use fell by 14 percent in the United States,
15 percent in Japan, and 20 percent in West Germany, almost
twice the declines that occurred during the 1974-75 reces-

sion.45.
Energy conservation is taking hold in various-forms virtually

everywhere. In Nairobi, Kenya, a major hotel cot its electricity
use for air conditioning in half during a four-year period. In
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Japan most household appliances purchased today re 40 to 6o
percent more efficient than Japanese appliances were in the
mid-seventies. The fuel used per passenger-mile in the U.S.
airline industry has been cut by 30 percent. Many of these
improvements stem froM modest technology improvements
and simple "housekeeping" measures. Yet a vast range of
slightly more complex and expensive innovations are nOvreco-
nomical. As they are introduced, conservation's momentum
will build."

In major energy studies in Denmark, Sweden, the United
States, and other nations, energy analysts have recently sur-
veyed the potential for further energy conservation. By far the
most comprehensive of these analyses was that completed by
the U.S. Solar Energy Research Institute in 1981. According
to the SERI report, even with rapid economic growth, energy
use could be cut by 25 percept by the year 2000. In fact, so
many inviting opportunities for investing 'in energy efficiency
were identified that SERI concluded that lowering energy use
will actually improve economic prospects. The advent of less
energy-intensive "service economies" will accentuate these
trends.47

Already conservation has beconig a Sio-billion a year busi-
ness in the United States.48 Similar though less dramatic re-
sults have been obtained in other countries where energy waste
was lower at the _outset. In the industrial nations, a general
consensus holds that growth in energy use will not exceed x to
2 percent per year and that it could be even less if conservation
is embraced wholeheartedly.

The conservation revolution has more than upset the projec-
tions of economists, however. It has fundamentally changed
the context in which .energy systems operate. No longer can
energy be seen as a single commodity needed in predetermined
amounts. Today, with few inexpensiye energy alternatives
available, the emphasis is on conserving energy wherever possi-
ble and using whichever energy resources are most economic:al
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in particular applications. As a result, energy 'growth will tend
to be much more varied and "use-specific," a development
with important implications for renewable energy's future.

When supply availability alone guided energy assessments,
new energy sources were compared primarily with oil or coal
for large-scale conversion to electricity. Since it was imagined
that world energy demand would inevitably multiply and that
the main choice was between thousands of nuclear reactors or
hundreds of millions of solar collector systems, renewable en-
ergy advocates were soon branded as unrealistic. But with the
current pressing need to conserve and to pay attention to
end-uses, the competitiveness of renewable energy sources with
conventional energy sources on a case-by-case basis has become
all 'important.49

Many renewable energy technologies appear to fit current
energy needs quite well. Most industrial countries, for instance,
need small amounts of additional electricity generating capac-
ity, most of it centered in a few rapidly growing regions. By the
late eighties and early nineties (when the new capacity is
needed), small-scale hydropower plants, wind turbines, and
wood-fueled cogenerators will be Among the cheapest power
sources available to meet that additional need. All can be built
quickly, and an additional unit or two can easily be added as
demand dictates. Similarly, households and industries that use
energy efficiently and carefully calculate their future needs are
finding that renewable energy technologies are on the verge of
competitiveness.

Just as energy conservation has revolutionized energy eco-
nomics, so has it encouraged far-reaching changes in the geo-
graphicalsnergy balance. In the past most energy growth oc-
curred in% relatively small number of industrial countries. In
the future a much larger share will occur,in the Third World.
Although developing countries can Make substantial cost-effec-
tive investments in energy efficiency, their need for new energy
sources is certain to grow more quickly than that same need will
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grow in the industrial world.' According to World Bank esti-
mates, energy needs in the Third World will grow at 5 percent
per year in the eighties (compared to 7 percent growth in the
seventies). Developing countries simply cannot afford to meet
most of their growing needs with imported oil."

The case for renewable energy clearly rests on more than oil
price forecasts and the economic prognosis for coal. More
important than either is a clearheaded assessment of the evolv-
ing world energy situat. n and its underlying subtletiesex-
actly what's missing f6m supply-oriented energy studies such
as the one conduc y the International Institute for APplied
Systems Analysis. Supply-side studies take an exajoule for an
exajoule no matter whether the energy in question is for use in
automobiles or air conditioning, which now makes about as
much sense.as saying that human beings can live exclusively on
carrots or anchovies as long as their need for calories is met.

Of course, supply-side studies cannot be dismissed lightly.as
long as tey continue to dominate energy policy making. But
their shortcomings underscore the need tO widen the energy
debate to take account of the diverse uses of energy and the
wider social and environmental imPlications of the course vie
choose.
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Building with the Sun

To the surprise of many technologists, the oldest and simplest
use of solar energy is proying to be among the most successful
in the 198os. Just a decade ago, it Was commonly thought that
residential solar heating had to mean the use of pump-driven
"active" systems employing solar collectors. Yet today, passive
solar or climate-sensitive design is one of the most rapidly
growing uses of solar energy despite a minimum of government
support. The reason is simple: Passive solar buildings use rela-
tively simple, inexpensive changes in design and construction
techniques to maintain comfortable temperatures. Brcombin-
ing design concepts that have been knoWn for centuries with
modern, building materials and technologies, builders are con-
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structing houses that use 75 to 90 percent less fuel than con-
ventional ones at only small additional cost.1

The principles being applied in climate-sensitive design are
quite simple, since they are based on the idea of using'natural

, conditions to the best advantage. The designs are intended to
admit sunlight during the winter but keep it out in the suM-
mer. InsulatioR and thermal mass are used to prevent rapid
temperature changes. Of course, the emphasis is on maximum
"solar gain" in cold, sunny areas and on keeping the building
cool in tropical regions. Because passive solar desigmiricorpo-
rates both energy conservation and the use of renewable re-
sources, it exemplifies the twin energy strategies with the most
potential in the decades ahead.

Knowledgeable observers predict that the next decade will
see some of the most rapid and far-reaching architectural
changes in history. As a pioneering solar architect noted in
1989, "traditionally, architecture has been a response to the
times, and energy conservation is the issue of our time." Passive
solar buildings are already catching on in many industrial coun-
tries, particularly the United States where over 6o,000 have
been built since the early seventies. So fat there is little activity
in the Third Woild, but the long-run potential there is equally
large. Buildings are a growing part .of the energy problem in
most countries, and improving designs today would greatly
enhance the comfort and economic aPpeal of the world's build-
ings well into the next century.2

Energy and Architecture

In, this age of standardized buildings and mechanical heating
and cooling systems, it is easy to forget that passive solar design
was once the norm. In sonic partspf the world, 'it still is:Built
without the aid of architects or engineers, many traditional
buildings make clever, use of sunlight and natu-ral convection
for heating and cooling. Over 2,9o9 years ago Socrates ot--
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served that "in houses that look toward the south, the sun
penetrates the portico in winter, while in summer the path of
the sun is right over our heads and above Ihe roof so there is
shade."3 This basic ideathat the sun describes a lower and
more southerly arc in winter than in summer (a more northerly
one in the so thern hemisphere)is applicable everywhere but
near .th ator. Two to three times more sunlight strikes a
south-f mg wall in winter than in summer, making it the
logical side for windows.

As Ken Butti and John Perlin point out in their history of
solar architecture, A Golden Thread, the Greeks were among
the earliest passive solar designers. Many of their buildings
were oriented to the south and had thick adobe or stone walls
that kept Out the summer heat. Passive solar heating was also
employed by the Romans. By th,e fourth century A.D., the
pressure of firewood scarcity had become a strong incentive for
solar heating, and Roman architects slowly adapted solar de-
sign to the various conditions found throughout the Roman
Empire. Access to the sun was actually made a legal right undtr
the Justinian Code of Law adopted in the sixth century A.D.4

In other cultures other climate-sensitive building styleS pre-
vailed. Most homes in ancient China were built on the north
side of courtyards, facing sOuth, and sunlight was admitted
through wood lattice windows and rice paper. Even today,
millions of passive solar houses are found throughout nOrthern
China. The Anasazi people of the American Southw" est lived
in mud or stone buildings constructed against overhanging
cliffs that faced south. Solar-heated in the winter and shaded
in the summer, these earth-sheltered dwellings were built with-
out benefit of modern building materials or theories. In north-

, ern Spain many apartment buildings built in the nineteenth
century have glass-enclosed south-lacing balconies called gal-
erias that provide effective solar heatine.-5-4----

The world over, traditional architecture also incorporates
simple passive cooling techniques. Throughout tropical Asia

.,
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and South America, open-sided pole and thatch buildings allow
ample ventilation and protection from the heat. Thatch, which
rivals fiberglass as an insulator, is also found atop mud and
straw buildings in sub-Saharan Africa. For thousands of years
in Moslem Asia, cooling towers haveteen used to draw air into
buildings, providing ventilation and relief from the hot sum-
mer climate.6

Since the onset of the Industrial Revolution and the urban
migration that accompanied it, many traditional_architectural
forms have been. abandoned. Climate-sensitive building de-
signs were not easily adapted to cities, and standardized ar-
chitectural styles took over as the need for low-cost housing
grew. Architect Richard Stein writes that "during the 1920s
many of the most prophetic and influential architects projected
the form of the future as being freed from the rigorous de-
mands of climate and orientation."7

This revolt 'against nature combined with growing popula-
tions more than tripled the fuel requirements of buildings
worldwide between 1950 and 1980. New buildings use much
more energy per square foot than those of the past since they
have energy-intensive central heating.and air-conditioning sys-
tems. Furthermore, only half the residential buildings in
Europe, for instance, have any insulaiion at all, and storm
windows are a rarity. In the United States close to one-third
of the residential housing stock is uninsulated, and another 50
percent is underinsulated. The buildings in many countries,
particularly the homes of the poor, are loosely constructed and
leaky": Cracks around windows and in walls and attics let too
much heat out and in.8.

Turning our backs on climate-sensitive design and constmc-
tion techniques has proved costly. Consider the typical modern
office building. With glass facades and mechanical "climate-
control" systems in use every day of the year, its energy appe-
tite is enormous. Commonly, a quarter of an acre of lights must
be turned on to illuminate a few square feet surrounding a desk.

5 2
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In private houses and apartments the rapid spread of air condi-
tioning has upped energy use more than any other factor in
recent years. Together, residential and commercial buildings
account for between 20 and 40 percent of national energy use
in. most industrial countries. (See Table 3. 1.) Of this energy,
approximately four-fifths is used to heat, cool, and light build-
ings and the rest runs water heaters and other appliances.9

Table 3. i. Energy Use in Residential and Commercial Sectors in
Selected Industrial Countries, 1978

Counby

Residential
and commercial

energy use

(million barrels of
oil equivalent)

Share of
total national

energy use

(percent)

Residential
and commercial

energy use
per person

(barrels of oil
equivalent)

United States 3256 33 148
'Canada 338 33 14.3
Sweden 96 38 .115
Nethedands 154 11.0
West Germany 581 39 9.5
France 375 35 7.0
United Kingdom 331 31 6 o
Italy 235 30 4 1
Japan 419 21 3.6

Source Organisation for Economic Co-operation and Development,Energy Balances
of OECD Countries

Fuel use per person in homes and commercial buildings is
nearly twice as high in the U.S. and Canada as in most of
Europe, European cities are laid out more compactly, and
Europeans prefer to keep their buildings relatively warmer in
summer and 'cooler in winter. The industrial country with the
best record is Japan. There, per capita fuel use in buildings is
only one-quarter of the U.S. level, because most japanese build-
ings are compact and few have central heating. Even in north-
erly Sweden, the fuel requirements of buildings are 25 percent
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lower than in North America. With traditionally higher fuel
prices and lower per capita incomes, Europeans and Japanese
treated energy use in builiings less nonchalantly than did
North Americans.

Few such generalizations hold with regard to the Third
World. The developing nations located in the humid tropics
have traditionally relied entirely on the sun for heating and on
natural ventilation for cooling. In more temperate developing
countries in Central Asia and Latin America, firewood and
charcoal have been the heating fuels of choice: However, in the
last decade Western-style office and residential buildings have
sprung up in the developing world's cities. flagrantly climate-
insensitive, most of the new buildings require electricity-hun-
gry mechanical cooling systems designed in the West. Since
many developing countries lack both engineers and the spare
parts needed to keep the systems running, the air conditioning
systems are often broken down and the buildings stifling hot.
So far, 'the heating, cooling, and lighting of Imildings account
for less than io percent of the energy used in most developing
nations, but a major future challenge will 'be to improve the
miserable housing conditions without compounding an already
severe energy problem.10

Awareness of the energy problems of buildings has, of
course, blossomed since 1973. Surveys indicate that energy has
become a priniary concern to most homebuyers, and residential
energy-conservation measures are becoming popular the world
over. Newly energy-conscious Americans broughf the rate of
growth in energy use in the U.S. residential and commercial
sectors down from 5 percent annually in the sixties to less than

2 percent in the late seventies and early eighties. Energy use
in buildings is now increasing at only i percent annually in
West Germany, while it has leveled off in Great Britaip arid

fallen slightly in Sweden.n
The fuel savings so far achieved in, buildings must be kept

in perspective, however. They have been quite modest, deriv-
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trig mainly from simple conservation improvements such as the
addition of insulation, and they come at a time when building
owners and renters throughout the world are being hit hard by
high fuel prices. Worse, these energy savings have not yet
helped the poor much. lc 1979 the Tennessee Valley Author-
ity reported that one of. its Customers paid her electric bill with

a Social Security checkand walked out to face, the month of
February with less than $30," a situation that has become all
too common in many parts Of the world.12 Even commercial
building ownersAre hard-pressed to make ends meet. Electric-
ity bills now constitute the biggest operating expense in most
large structures, and they have helped boost rents at a record
pace.

Climate-Sensitive Design-

Fortunately, the options now available for lowering the fuel
requirements of buildings go well beyond simple conservation
measures. The field of architecture Has been turned inside out
in the last several years as everything from office towers to
mobile homes has been redesigned for a new era According to
R. Randall Vosbeck, pi!esident of the American Institute of
Architects, "Energy will rank with the elevator and the ma-
sonry arch as having a major influence on architecture. . . ."13

Behind modern 'passive solar heating are glass and plastics
These substances readily transmit sunlight but iniPede thermal
radiationin effect, trapping heat in the building. Known as.
the "greenhouse effect," this phenomena.g.is familiar to any-
one who has left a car in the sun on fail day and returned
to find it overheated'. In. its-Simplest form passive solar heating
consists of placing most of a building's windows on its sunny
side because windows on the east and west tend to lose more
heat than they gain in winter and -because they can cause
overheating problems in the summer. Taking passive solar ,ar-
chitecture one step farther, many architects now design build-
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ings that are elongated on an east-west axis' so that the area
available for "solar gain" on the sunny side is maximized.
Properly siting a solar building is almost as important as the
design itself since correct positioning helps assure ateess to the
winter sun and profection from cold windsi14

The first modern solar house was built in Chicago in the
thirties. From the Outside, it looked conventional enough. But
it was carefully sited tcrtake full advantage of the sun, and it
had a large expanse of window on the south side. Similar
experimental buildings were constructed over the next two ,

decades, attracting considerable attention and corwincing
some onlookers that a new ,physical principle had been har-
nessed. Business Week suggested in 1940 that the Chicago .

house rivaled the newly discovered Middle East oil reserves as
the "newest threat to domestic fuels."15

As solar architectural research proceeded it became clear
that retarding heat loss was as essential as admitting sunlight.
The wails, roofs, and windows of conventional houses lose heat
rapidly during cold weather through radiation and convectiOn.
When heated only by 'the sun, such houses cool rapidly after
dark. In comparison, solar houses develo d more recently in
Europe and North America have included more tha twice as
much wall and attic insulation as conventional dwellings have.
Most windows are doble- or triple-glazed, and the use of
vestibules prevents the .inss of warm air when someone opens
a door. These buildings are also tightly constructedimpor-.

tant since in coiventional buildings up to half of all heat loss
occurs througlfdirect infiltration of cold air.

Also integi4 to the success of a passive solar building is heat
storage. Built of materials that hold heat well, a building can
remain warm even after a day or two of cold, cloudy weather.
Such traditional building materials as brick, concrete, adobe,
and Stone all serve as "thermal mass," greatly reducing temper-
ature fluctuations. Thermal storage materials are typically in-
corporated in fireplaces, .walls, or floors, Though somewhat
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difficult to use in a bililding,.water is one cif the best materials
for storing warmtli. Sometimes used in "water walls," it can
also be used in fish-pond heat storage. Researchers at the New
Alchemy Institute in Massachusetts maintain that aquaculture
tanks located inside a greenhouse can pay for themselves in
heat-storing capacity alone.16
" Besides providing heat during thcwinter, suceessful climate-
sensitive buildings are also cool in summer. Fortunately, the
same high-grade insulation and thermal storage that retain heat
in winter help keep a building cool in warm weather. Cooling-
only passive features include shades thal protect south-facing
windows from the high summer sun and ventilation systems
that keep air moving continuously through a building. Decidu-
ous vegetation is ideal for protecting a house from the summer
sun only and can keep the "microdimate" several degrees.
cooler than surrounding areas.

One of the more ingenious solar designs--the Trombe wall
involves using a thermal-storage wall placed several centime-
ters inside a large expanse of glass on a building's south side.
The wall, usually constructed of Masonry, is Painted a dark
color, to absorb heat from the sun during daylight hours. The
wall then radiates the collected heat to the rest of the house
for many hours after sundown. Extremely effective and versa-
tile, the Troinbe wall has in recent years been used in every-
thing from office buildings in the United States to peasant huts
in Ladakh, India. The Trombe wall and its variations have just
one main drawback. Considerable heat is lost through radiation
via nearby glass. Special thermal shades that are closed at night
are needed. in cold climates.17

A related but distinct methoil of passive solar heating is the
use of a greenhouse or "sunspace" on ..building's south side.
An attached greenhouse serves as a natural solar collector that
can easily be closed off from the rest of the building at night,
and it can extend the gardening season as well as provide heat.
As with other passive solar systems, the importance of slouble
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or triple glass, tight construction, thermal mass, summer shad-
ing, and ventilation is clear. \Veil-designed and properly sited,
a greenhouse can supply more than halra building's heat in
sunny climates.

Some solar designers, particularly those in Israel and lte
United States, are catching the sun by moving under ground
which only seems like a contradiction. In earth-shelered
buildings, earth serves as a natural insulator. If a building is
exposed to inclement weather only on the sunny side, it can
effectively collect add store the sun's heat. Earth-topped roofs
also provide natural evaporative cooling in the summer, an
important advantage. Still unclear, though, is whether earth-
sheltered buildings can be built cheaply and whether they can
overcome their undeserved -reputation for gloominess. Right,
now building under ground costs 25 to 50 percent more than
it does above ground, but some builders are convinced that the
cost can be reduced substantially.18,

Other types of passive solar buildings are also springing up,
the fond labors of enterprising architects. A house developed
by Harold Hay in California uses an enclosed pool of water on
the, roof for heat colledion and radiative, cooling. Another
interesting concept, developed independently in California
and in Norway, is the double-envelope hOuse. It incorporates
a greenhouse On the south side and a continuous air, space
running through the roof, north wall, and basement to iupply
heated air throughout the building. Both- the roof pond design
and the double-envelope house have fared well in the custom-
built market, but their broad economic appeal remains to be
determined.19 .

Some Canadians and northern Europeans are -taking quite
a different, tack -in designing cliinate-sensitive buildings. Since
the sun in these climates _makes Zinly lirief appearances at,

_midwinter, a solar house designed for sunny ,eonditions would
be a cold house in Canada or northern Europe. Architecti
there are thuS designing superinsulated, very tightly con-
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structed houses w ith relatively few windows. Typically, a "low-
energy -house" features an air-to-air heat exchangera small
unit resembling an air conditioner that en tila tes the building
but presents heat loss. Its use keeps tHe air' from getting stale
OF esen unhealthy. as pollutants like cigarette smoke or the
radon found in concrete slowly accumulate. Pioneered primar-
ily in Austria, Canada, Denmark, and Sweden, these prototypi-
cal hdmes base performed impressively so far. The Saskatche,
ivan Conservation House in Canada, for example, use.s go
perCent less energy than does a welconstructed conventional
home,"

Even more challenging is the development of passive solar
designs for climates where cooling is needed. Passive cooling
research has been relatively neglected, thOugh Australia, Israel,
and the United States base made promising gains. Evaporative
coolers have.prosed effective in hot, dry climates, and designs
that enhance air flow help greatly in most areas. Also essential
to corilfort in warm weather is insulation and a means of
shading building surfaces from the sun. Jeffrey Cook, professor
of architecture at Arizona State University, notes that "of all,
the cooling strategies, heat avoidance provides tile-most for the_
least." In most climatgs.such measures Can reduce fuel reguire- -
ments for cooling greatly.m

- Furtljer research in passive cooling will have to meet. the
difficult challenge of designing buildings for hot, humid cli-
m.

-
ates where evaporative coolers do not function well and

dehumidification is esse.ntial,for comfort. Japanese and Ameri-
can researchers are working on passive dehumidifiers .using
desiccants, but 'such efforts are preliminary at best.22,Active
solar air conditioners may turn out to be one answer to this
sticky problem. Another is to lowrair conditioning needs as
much as possible via careful design and use smaller, less expen-
sise electric or gas-powered air conditioners on the muggiest
days.

Thecooling needs of the poor majority in the Third World
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have received even less attention. Hundreds of millions now
live in warm, humid climates without benefit or hope of getting

. air conditioning. In many developing countries past efforts to
upgrade traditional, housing actually made the structures less
livable. The tin roof that has spread throughout much of
Africa, for instance, is inexpensive and long-lasting, but it is less
effective than a thatch roof in combating heat buildup. Minor
design changes to encourage 'ventilation and the use oflocally
available insulating materials could greatly improve comfort.
Furthermore, such changes could be implemented by the
buildings' owners, who in developing countries tend to do
much of their own construction..Additional work on this prob-
lem is badly needed, preferably at the village level so that the
techniques developed make use of local resources and meet
local needs.23 -.

One of the beauties of passive solar design is diversity. Al-
though the basic principles are simple, they can be applied in
a great number of ways. In solar architecture constant innova-
tion is the rule. Darian Diachok, who in 1989 conducted an
international solar architectural survey, notes: "Passive re-
search is taking on a distinctly regional flavor. Individual coun-
tries are now.making major strides in developing buildings that
are economical in their climates."24

While some architecture critics describe solar buildings as
dull or gimmicky, the inherent limitations of solar design are
less in question here than the creativity of architects and the
preferences of homebuyers. Whether a solar house is conven-
tional or breathtaking depends on the designer. Some ar-
chitects are already looking forward to a time when buildings
include solar features as matter-of-factly as buildings today
have pltimbing and electric wiring. One day solar buildings
may be as diverse as architecture itself.25

flexibility has become the watchword for designers inter-
ested in cost-effective solar buildings. From a financial view-
point, xelying exclusively on just one design principle is unlikely
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consistently to yield the "right, answer. Douglas Balcomb of
the Los Alamos Scientific Laboratory, a leading expert in the
perfirmance of passive solar systems, has found that a mix of
passive solar and conservation methods usually represents the
best economic bet. Based on data from a house in Kansas,
Balcomb's analysis suggests that a nearly equal investment in
conservation and passive solar measures yields the lowest total
,.t over a building's life.26'

An important aspect of this flexible approach to design is
that passive systems need not be loo percent passive. In many
cases some form of auxiliary heating system makes sense. Just
how big the system needs to be depends on the climate and
the local fuel costs. And in many cases adding such "active"
features as a fan that moves heated or cooled air to other parts
of a building can make climate-sensitive buildings more effec-
tive at only a small additional cost.27

Off the Drawing Board

The combined work of architects, builders, and engineers over
the last: decade has laid the foundation for a transition to
climate-sensitive, fuel-conserving buildings. The principles are
simple, the necessary materials readily available, and the build-
ings cost-effective at today's prices. But the transition will be
gradual and complex all the same. A whole generatign of design
and construction professionals needs to be educated. Solar and
conservation designs must be integrated into mass-produced
and low-coit buildings. And the commercial building industry
needs to shed its laggard's reputation.

Solar design is just beginning to enter the architectural
mainsteam. Until recently, heiting, cooling, and lighting were
the concerns of engineers, not architects. No more. Ith Europe
and America today architectural plans for a custom-designed
solar or low-energy building are not much harder to come by
then fhose for a conventional one. A recent U.S. government

,
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listing of solar, designers, included over .1,000 firms and in-
dividuals, and the American Institute of Architects has en-
thusiastically embraced climate-sensitive design. Architecture
schools are also taking to solar architectuie. For the first time
many are 'teaching passive solar desigri.28

If solar buildings are ever to become widespread, they must
be accepted by builders as well as architects. In the United
States several hundred thousand builders, subcontractors, and
suppliers erect more than 1 million single-family homes, apart-
ments, and commercial buildings each year. Most are "tract"
homes built as part of large subUrban developments, and only

io percent are custom-designed by architects. These builders
have large investments at stake, and they are very sensitive to
the fears of the sizable number of people who until recently saw
solar buildings as unconventional and costly.P

In truth, most passive solar buildings are an' economic har-

gain. Consistently, finanCial analyses show that well-thought-

out passive solar features quickly pay for themselves in reduced
fuel costs. After that, they in effect produce wealth for the
occupants, yielding a lower "life-cycle" cost than a conven-
tional building would. The owners of climate-sensitive build-

ings are their most fervent boosters, making frequent refer-

ences to the fact that only a half a cord of wood or a couple
of nights of electric heat Was needed to weather a particularly
frigid winter. The fuerbills of these buildings are usually ridicu-
lously lowwitness the figures compiled for the Saskatchewan
Conservation House and Village House I, a passive solar home
built in New Mexico. (See Table 3. 00

A useful rule of thumb is that for a io percent higher initial

cost, climate-sensitive designs can reduce fuel bills by a full 8o
percent.31 A south-facing window costs no more than one that
faces north, and a concrete floor that can store heat costs about
as much as a wooden one. Options such as using tivo-by-six
inch wall studs rather than two-by-fours to allow space for extra
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Table 3. 2. Annual Heating 4sts According to Different Building
Standards*

Structure or standard Annual cost

(1980 dollars)

U.S. average house, 1978 68o
U.S. building standards, 1978 360
Sivedish building code, 1977 230 P

California building code, 1979 no
Saskatchewan Conservation House 20
Village House I, passive solar 15

4Assunies similarly sized houses using oil heat in a similar climate.

Source: A. H. Rosenfeld, Building Energy Use Compilation and Analysis.

insulation or employing triple-glazed windows or night shades
add only Marginally to building costs. Other design possibilities
extensive glazing, a Trombe wall, or a large amount of ther-
mal storage materialcan be quite expensive. But most can be
sound investments nonetheless. In many cases the additional
cost of solar design features is offset by immediate savings
because large air conditioners or central heating systems are
not needed.

The day when only "chics or freaks" lived in passive solar
houses is now ending as builders warm to the new designs and
further lower costs. In the United States 40 percent of builders
are now building at least some passive solar houses, a clear
indication that the designs are entering the mainstream pf the
housing market. There were an estimated 6o,000 to 8o,000
full-fledged passive solar houses up already in the U.S. in 1982,
and i i percent of new housing starts incorporate some passive
solar features. All of this has occurred amidst a record-breaking
slump in the construction industry, and a passive solar boom
may occur as the recession ends. No other country ha's moved
so quickly to change its building styles, although it appears that

6
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several European countries may be following a_similar learning
curve. Passive solar homes are becoming popular in West Ger-
many, while in Scandinavia low-energy houses are finding a
place in the coop-dominafed housing market. France is a few
years behind, but since 1980 there has been an explosion of
interest among architects there.32

An emerging frontier in passive solar architecture is incor-
porating climate-sensitive features into apartments, offices, and
other high-density urban developments. These presenrunique
design problems: Their occupants and appliances often have a
larger impact on the building's temperature than do outside
weather conditions, and lighting and cooling usually use more
energy than does heating. Typically, both heating and cooling
systems in such b ildings are operating even while people out-
doors are strollin in shift-sleeves in ideal Weather.33

Many architects are now developing appropriate solar de-
igns for large b'uildings. "Passive daylighting," as engineer
Douglas Bulleit notes, "is becoming the champion of passive
design techniques." Another design challenge is integrating
the new passive solar features with buildings' mechanical sys-
tems, which in most cases cannot be eliminated entirely. Ac-
cording to architect George E. Way, a leader in this field, "we
design to provide comfort and lighting in a passive way for at
least 50 percent [of the energy load] and then use the mechani-
cal systems to handle only the extremes." Recently developed
microelectronics-based control systenis are a big help Since
they automatically adjust artificial lighting according to the
availability of natural light and enable heating and cooling
systems to take maximum advantage of both indoor and out-
door weather conditions. The U.S. corporate giant IBM has
taken climate-sensitive design to heart and is building skyscrap-
ers in several parts of the country that use half as mutenergy
as conventional buildings do.34

Along with mammoth buildings, old buildings also present
a trying energy challenge. Only. i percent of most nations'

6 4
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buildings are torn down each year, and annual construction
accounts on average for 2 to 3 percent of the building stock.35

So even if all the homes and commercial structures built be-
tween now and the year 2000 were solar buildings, not quite
one-third of the total stock at the turn of the century would
be solar. Obviously something must be done with the buildings
we have. ,

Most of the impressive energy savings achieved in existing,
buildings so far have come from simple conservation measures
rather than from "solarizing." Adding passive solar features to
an existing house ig more complicated and expensive than
working with a new structure, but passive solar "retrofits" do
make sense in many situations. In the United States such
retrofits have become one of the most popular forms of home
improvement. The most common passive solar retrofit is a solar
greenhouse. Such greenhouses can be attached to ..the south
side of a building witfiout replacing existing walls, thought it
often makes snse to vent the walls 4nd add a fan to circulate
the captured heat. Since a number of firms now market prefab-
ricated solar greenhouses, it is possible to "solarize" a house for
a few thousand dollars.36

Other types of passive retrofits are also wise buys in many
nses. A Trombe wall can be created by glazing the outside of

a south-facing masonry wall. Adding clerestory windows to the
roof to admit more sunlight is easy and effective under some
onditions. Many older schools, factories, and warehouses in
the northeastern United States have uninsulated south-facing
brick walls that would make ideal Trombe walls. Another popu-
lar low-cost strategy for existing buildings is the use of fan-
driven, air-filled solar collectors mounted on the ground on a
building's sunny side. Although not technically "passive,"
these are very simple devices that usefully complement a cli-
mate-sensitive design. In the cold, impoverished San Luis Val-
ley in Colorado, hundreds have been built, bringing solar heat-
ing to people with incomes below the poverty line.37
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New Policies for New Buildings

Climate-sensitivesarchitecture has a strong foothold after just
one decade's progress Most impractical designs have been
Weeded out, the economic promise of the better designs has
been proven, and homebuyers' and developers' interest is ris-
ing. But economic, political, and institutional hurdles stand in
the way of a true architectural revolution. The world's building
industries, ever conservative, have been in recent years under
considerable financial pressure too. More important, builders
dO not pay the fuel bills of the houses they construct, so unless
governments and potential buyers encourage them to build
solar homes, the transition could be slow.

Until recently, governments have done little to help climate-
sensitive architecture, and they have tended to favor active
solar technologies when allocating research funds br,providing
tax incentives. In the United States some consumers choose
more expensive active solar systems rather than passive systems
simply to take advantage of, the tax breaks for solar collectors.
While active systems clearly deserve market support, even
greater fuel savings would result if similar amounts of money
were invested in promoting the use of passive solar design.

Some governments have taken the passive cause to heart,
however. Canada, China, Denmark, France, the United
States, and West Germany have started small but growing
passive solar research programs since the mid-seventies. They
include a variety of research and demonstration projects. But
more is needed. If climate-sensitive design is to take hold,
governments will have to work with the building industry
clearly the main vehicle of the solar transition. In some nations
passive solar design competitions have been used to spur the
private sector's interest. In France a small village of solar
homesNandybuilt in 1981 as part of a design competition
triggered interest among French architects and builders. In the
United States the Solar Energy Research Institute gave funds

6
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to Colorado developers to hire architects to design passive solar
homes to add to their list of models. Some excellent designs
came of this program. So did a regional solar building boom.38

Educational programs for consumers, builders, real estate
agents, and others are proving very successful at erasing some
of the myths surrouriding passive solar buildings and so speed-
ing their acceptance. This is an area where trade associations,
community groups, and local governments probably have the
largest role to play. In the United States groups such" as the

ational Association 'of Home Builders and the gorne Im-
uncil have quickly gone from being skeptics to

astically sponsoring the workshops ana newsletters that
have helped launch solar buildings.39

A complementary approach is to label the fuel requirements
of buildings for sale. Expected fuel use and price could be
noted along with the likely life-cycle cost of the building.
Buyers could thus compare the efficiency of different buildings.
Already the fuel bills of solar homes are displayed during real
estate transactions in some parts of the U.S., a practice that
local governments may want to require."

Financial incentives are probably most likely to send passive
solar building on its way. Many climate-sensitive design innova-
tions require a slightly higher initial investment than that for
a conventional building. No matter how cost-effective these
changes ultimately are, builders who are under immense pres-
sure these days to cut initial costs to bare bones levels tend to
shy away. Both builders and owners can have trouble getting
loans to pay the extra costs, due to high interest rates and the
fact that most bankers are still unfamiliar with climate-sensi-

.
tive design.

Educating the financial community about the common
sense and cost-effectiveness of energy-saving buildings is one
key to solar architecture's future. To assess a homeowner's
mortgage-paying ability, loan officers need to know that passive
solar buildings have negligible fuel bills so their owners have

Ir.,
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more income available to repay a loan. The San Diego Savings
and Loan Association in California is one of several U.S. banks
that offer slightly reduced interest rates on passive solar houses.
This program brings monthly payments below what they would
be for a conventional home, adding to the homeowner's savings
from reduced fuel costs. Similarly, the Hanover Insurance,
Company in the United States has offered a io percent dis-
count on homeowner insurance rates for passive solar homes
in recognition of the fact that they are less prone to destruction
by fire.41

Tax incentives also encourage energy-saving homes. In,
much of Europe, Japan, and the United States, there are now
tax credits for solar collectors. Conservation improvements are
also eligible for tax credits in many nations. Unfortunately,
passive solar design seldom qualifies taxpayers for these be-
nefits. Because passive fe?tures also serve nonenergy functions,
most governments do not allow individuals" to write-them off
as energy investments.

To get aronnd this serious shortcomingwhich works
against some of the most cost-effective means of redueing
buildings' fuel needsmany U.S. states added to the tax code
detailed standards for determining what constitutes a fuel-
saving measure. Another approach that is being considered by
the U.S. Congress is simply to give builders of climate-sensitive
buildings a tax break of np to $2,00o for each energy-efficient
building constructed, depending on the building's perform-
ance.42 -

Luckily, government progrims to encourage climate-sensi-
tive building need play only a limited, transitional role. Tai
incentives and information packages that persuade builders to
take climate-sensitive architecture seriously will become un-
necessary as passive buildings soon start selling themselves. It
may be that the entire package of government programs
including financial incentives and demonstration 'projects
can be phased out after only a decade, the job completed.
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Building for the Puture

Worldwide, there are now over 100,000 passive solar buildings,
over half of them in the U.S., and rapid growth is continuing.
The U.S. Department of Energy's goal is to have a half million
climate-sensitive buildings standing by 1986, and the National
Association of Home Builders expects to see passive solar sys-
tems in 30 percent Qf all new houses by the year 2000.43 And
even these are arguably conservative figures. Based on current
growth rates, a reasonable worldwide target is to have io mil-
lion passivc solar buildings in place by 1990 and between 50
and too million by 2000. By the end of the century most
courtries should aim to use energy saving designs in all new
buildings.

Unfortunately, measuring the precise energy contribution of
climate-sensitive design is difficult. Since a solar building does
not produce a fuel that can be measured by a _meter, it makes
more sense to calculate the amount or additional heating and
cooling fuelzthat would have been used by a comparable con-
ventional building. Yet conservation and solar technologies are
fuSed so tightly in a good climate-sensitive building that solar
collection gains and conservation gains are hard to distinguish.

Even without the benefit of precise measures, it can be
estimated that constructing new passive solar buildings will
save at least half of the fuel currently used to heat and cool
similar structuies. if a Baltimore house's energy usels taken as
theaverage, that means that to million solar buildings in 1990
would in effect yield 0.7 exajoules of energy Of enough. to run
all of the cars in Canada for over six months. Fity to too
million passive solar buildings by the cen(ury's en would yield
3.7 to 7.3 exajoules or 6 to 12 percent orthe ene currently
used to heat, cool, and light the world's buildings. Together,
climate-sensitive design for new buildings and conservation
measures for existing structures should reduce the fuel needs
of the woild's bUildings by 25 percent by the turn of the
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century, despite substantial growth in the housing stock.'"
The potential of passive solar architecture is no longer in

doubt. Nor are the benefits of more rational design and COII-
struction for people at all income levels and in all climates. We
can learn something from the architecture of the ancients. As
one solar designer recently observed, "Our buildings would be
More beautiful if they responded,to energy concerns and had

,-
a more natural configuration."'"

s,
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Solar Collection

he idea of harnessing the sun's heat and light has for centu-
.

ries inflamed the human imagination. Besides employing vari-
ous passive solar architectural techniques, the aneient Creeks,
Romans, and Chinese from the second century B.C. on experi-
mented with- "burning rhirrors", that could Concentrate the
sun's rays onto an object and make it burst into flames. The
Creeks nsed their knowledge Of- geometry to build sophis-
ticated parabolic dish concentrators. To conserve scarce and
eipensive firewood, tbe Romans heated their public baths by
running water over sun-exposed black tiles. Yet burning mirrors

solar water heating largely remained objects of scientific
curiosityatfier than of widespread practical use.1

71-:
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The technology used today to harness the sun's heat owes
much to the work of the eighteenth-century Swiss scientist
Nicholas de Saussure. Working with the ingeniously simple
notion that sunlight penetrating glass can be absorbed by a
black surface and trapped as heat, Saussure designed a variety
of heat-trapping boxesthe prototyPes for solar collectors that
today heat water, warm buildings, and power machiiies.

Active solar technology leapt forward again in the nine-
teenth century, when a French scientist, Augustin Mouchot,
modifipd these simple collectoryo create solar cookers, stills,
pumps, and steam engines. Bypplying his knowledge of glass
heat-trap principles to burning mirror technologies, Mouchot
achieved temperatures high enough to roast food, distill liq-
uids, and boil water. Mouehot's solar steam-engMe included a
cliick mechanism that moved the_collectors to follow the sun's

-

course.3
Despite the technical success cif these early solar technolo-

gies, the availability of cheaper and more reliable coal-fired
equipment blocked their widespread use. As fossil fuels became
cheaper and more .abundant, furnaces _and industrial boilers
grew *more advanced. M a result solar-thermal devices re-
mained experimental curiosities dUrAng the late nineteentliand
early twentieth ceskturies.

iDespite this general eclipse, the simple solar water fieater
a collector box and a metal water storage tank painted blaCk

found a large following early in this century in parts of the
United States, Australia, South Afri6a, and Argentina where
conventional fuels were scarce and expensive and sunlight
abundant. In California several thousand such contraptions
were in use until the advent of cheap natural gas in th'e 1920S.
In the 193os a solar industry bloomed in Florida. By 1941
approximately-6o,000 solar hot water heaters--were used, in
Miami, supplying more than half the city's population with hot
water. But the wartime freeze on civilian copper use crippled
the industry, which vanished coMpletelY when cheap, electric-._
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ity generated using oil became available.4
_In the meantime, another solar industry flourished in Israel.

in 1940 Ruth Yissarwife of scientist Lei Yissarpainted an
old tank black and put it out in the sun to warm bath water
Struck by his wife's common sense, Yissar began deeloping
solar-heating technology. His company began manufacturing
collectors in 1953 and sold i600 units the first year. Between
1953 and 1967 Israeli solar companies built and installed over
6o,000 solar water heaters. Cut off early from cheap oil sup-
plies, Israel built a solar industry that is,today a leading exporter
of advanced solar heating equipment.5

Heating Water and Buildings'

The global increase in oll prices in 1973 set off a worldwide
boom in solar heating..0yernight the economicS of solar energy
use were reolutiorii4ed. Today inomentUm is still gathering.
In'Israel, Japan, and parts of thellnited States, high fossil fuel
and electricity prices, abundant sunlight, and strong govern-
ment support aimed at reducing petroleum imports have
heated up the solar market. While most government attention
has focused on research and development (R&D) programs for
innoatie solar technologies, simple systems based on proven
technology account for most of the growth in solar energy use
Indeed, for all the talk about solar energy's rple in.the future,
solar's present role rests on simple technology from the past

Almost all the solar collectors in use today are solar panels
that heat water or buildings. The typical flat-plate collector
consists of a rectangular box with wooden or metal sides, a
blackened insulated bottom:a copper absorber plate, and a
coer made of transparent glass or plastic. When operating,
'water', some ofher fluid, or air circulates from the panel to a
tank, carrying the sun's heat to where it is needed Designs
differ widely in terms of cost, efficiency, and durability. For
wstance, most systems built for usein extremely cold climates
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feature extra insulation and-some means of draining water from
the pipes at night.6

Solar radiation's intermittentr,naturt presents difficulties for
all solar energy systems. Since energy may be required when
the sun is not shining, it is necessary either -to store heat from
sunny days or to use a conventional heater as a back-up. While
storing high-temperattre heat is costly and relatively ineffec-
tive, this 'approach does make sense for water-heating. A well-
insulated, somewhat larger-than-average water heateetank is
usually all that is needed. To store larger quantities of heat;
such technologies as underground tanks filled with heat-absorb-
inklocks can be used, though not alwaYs economically.7

The consumer costs of using today's flat-pfate collectors are
determined principally by the costs Of materials, labor, trans-
portation, and installation. The materialsglass or plastic. for
the cover, aluminum, wood or steel for the frame, and copper
*for the tubes and backingare widely available, and their costs
are set in markets much largtr than that .for solar equipment.
Labor typically accounts for more than half the cost of fabricat-
ing collectors. Installation and transportation can easily double
the cost to the consumer. Proper installationa key to solar
equipment's efficient operationrequires skills akin to those in
the plumbing and heating business. Transporting bulky collec-
tors costs so much that local manufacturers have an edge over
distant competitors, and do-it-yourself collector kits have found
a market. (Unfortunately, though, collectors built from kits are
less efficient and, less durable than factory-built collectors, fac-
tors that offtet their initial economic appeal.)8

Although solar energy is free,, using it requireS investing
relatively large sums. Unlike cpnventional energy systems, most
of whose costs are spread out in fuel bills'pala over a period of
y ears, solar systems have high initial costs and minimal operat-
ing expenses. Thus, meaningful economic comparisons'of solar
and conventional systems must take into accOunt the total
costs of both systems over time. Although making such "life-
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cycle- cost comparisons invOlves estimating future fuel costs
and interest rates, it is the least biased way to judge ..solar
systems' economics. Still, when interest rates are high and
.futuie fuel prices uncertain, consumers and industry pay less
attention to life-cycle costs and more 'to the payback period
the time it takes fuel savings from a solar collector to pay for
the Cost of he collector. Most consumers insist On a payback
time of less han five years with today's high interest rates.°

Another 4 terminarit of solar ecOnomics is the cost of alter-
natives, pririjpally electricity and natural gas. Solar water heat-
ers can compete with gas, electric, or oil water heaters nearly
everywhere natural gas and electricity price controls are not in
force. Even where price controls are extensive, as they are in
the United States, solar water heaters can still compete in
many areas.1°

Overall, about go percent of all .,flat-plate collectors used
tOday heat water.. For perspective, home hot water use in the
United States takes one-fifth as much energy as the entire
automobile fleetsome 4 percent of the nation's end-use en-
ergy. In most developing countries less than 5 percent of resi-
dential energy is used to heat water, but hot water use is
growing rapidly. Depending on how hot and sunny the region,
today's solar panels can heat between 30 and roo percent of
the water a typical home, business, school, or hospital uses."

Although solar water beaters have a mud) firmer foothold in
the Market, the public tends to equate solar energy with active
space heating. Yet solar space heating systems are still plagued
by storage problems because air is typically used instead of
water to transfer heat from the collector to the roOm wand
because larger quantities of heat are involved. Many are also
too large to install in any but new buildings. A third drawback
is that their use entails maintenance, weAhering, and freezing
problems commensurate with their size.12 .

It is not only for these reasons that the market for' actiye
space heaters is much more limited ihan the market fbr hot

7
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water heaters Quite simply, the demand for spice heating is
less widespread than that for hot water. In areas such as the
soutl;ern United States, Brazil, and southern Europe, space
heattg is required only a few weeks a year so solar systems do
not replke enough fuel to become economiCel. Even in north-
ern areas with cold but cloudless winters, active solar heating
may prow less economical then investments-in constriation,

.passiit solar design, or heat pimps since active systems may be
lob expensive to meet postconservation demand."

Themse of solar panels to heat water and buildings has grown
most rapidly in Israel, Japan, and Ca lifoinia. Common to all
three areas a,re a highly educated populace, high energy prices,
and governmenf.support. On a per capita basis, Israel leads the
world in active solar heating-33 percent of all Israeli
households have solai:cater heaters, and active solar systems
now meet 1 percent of all energy needs. By the mid-eighties,

,

some 6o percent of Israel's households are expected to have
solar-heatedwater--enough fo reduce national electricity con-
sumption by 6 percent.14

Israel's success derives partly from the simplicity and inex-
pensiveness of the technOlogy being used. Typically', the sys-
tems cost $5oo and require only $25 worth of supplemental
electric heating per year. In cdmparison, a gas or electric water-
heater costs about $175 initially and at least 51.2oa year to run.
The combination of mass production and" simple design has
kept costs low.

Second toIsraef in per capita use of active solar equipment
is Japan, truly the land of the rising sun. As of late 1982 some
3.6 million houses, or i i percent of the total in Japan, were
using solar systems, most for heating water. Japanese compa-
nies are now manufacturing ovei half a million solar hot water
heaters a year, more than any other country. The Japanese
government expects 4.2 million buildings to be solar equipped
by 1985 and 8 million by 199o."

In absolute terms, the United States leads the world in using
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-

active .solar energy syitems. Between 1974 and. 1980, annual'
collecor prOdUction has increased tiihty firm (See Figure
4. 1.) Yet a significant share of all U.S. collector saleA have been

Annual
Producer

Slur/rents
tmrillons of
square feet)

20

15,

5

1974 1975 076 1977 1978 1979 1980 1981

Figure 4.1. U.S. Solar Collector Manufacturing, 2974-1981.
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low-temperature systems used to heat California's swimming
pools, so a more meaningful Measure of. solar activity may be
the increase in the number of solar collector manufacturers
from a few.in 1973 to over 500- in 1980. U.S. solar activity
centers in California, where a sunny climate, high conventional
fuel prices, vigorous government support, and broad public
awareness have given rise to a $1 billion a year market.16

Solar technologies are developing a following elsewhere, too.
In Europe France has the most aggressive solar program.
Twenty thougand water heaters have been installed, and the
government's ambitious goal is to see half a million in use by
1985. Throughout sunny southern Europe use is growing rap-.
idly, and Greece expects to obtain 2 percent of its energy from
active systems by 1985. In Australia loo,000 solar water heat-
ers are in use mainly in western Australia.17

Among the developing countries, the most rapidly industri:
alizing nations such as Brazil, India, and South Korea have
demonstrated the keenest interest in active solar technologies.
All three intend to use, solar heating to cut down costly oil
imports and to develop export industries. South Korea, for
instance, supports a solat energy research institute, and subsi-
dizes with loins and housing bonds the construction of solar
homes and apartments. Over twenty, domestic firms, many
employing technology licensed from firms in industrial coun-
tries, have begun producing and marketing exports. Firms in
Brazil and Mexico are ,also taking advantage of cheap labor to
pursue similar strategies with strong government backing.18

Solar Energy for Rural Development

Solar heat holds great promise for rural communities in the
Third World. Scattered over relatively large areas, few rural
populations have access to electricity and fossil fuels at affOrd:
'able prices. Then too, most rural energy needs are for loiv-
temperature applications such as drying crops, cooking .food,

. 78



Solar Collection 65

and pupping waterprocesses well matched with solar en-
ergy.

Some simple, easy-to-use technologies could substitute for
firewood in much of the Third World. A wide variety of small
focusing collectors has been used successfully over the last
century to cook food, while the solar "hot-box" or ovenan
insulated box oven with a transparent window on the side
exposed to the sunhas been developed more recently. In
bright sunlight solar cookers rival an open fire for heat, and
solar ovens can keep food warm for hours. Although ultraeffi-
cient collapsible reflector units and elaborate high-temperature
ovens have been developed, simple and effective collectors
made of polished metal can be produced for between $10 and

$30 each) 9
cli,Despite th e advantages, solar cookers are not the cook's

choice. They do ot work When the sun is not shining, and the
cook must stand 'n the heat when it is. A small solar cooker
industry in India in the fifties and a four-year project to intro-
duce cookers in three Mexican villages during the early seven-
ties both failed because villagers did, not take to the unfamiliar

technology. One overriding cultural factormealtime
?,,,severely its the prospects for solar cookers in many areas,

and no e ort can succeed fully without the involvement of the
womeR largely responsible for food preparation Still, a recent
effort by a Danish church group to intrpduce cookers into
Upper Voltan villages did Work because the villagers helped
adapt the cookers to local needs and conditions And China has
not given up on the cooker. More thau io,000 units are report-
edly used there.2°

Of all the direct uses of the sun's heat, crap drying is prob-
ably the most ancient and Widespread. Throughout the devel-
oping world, farmers still spread crops on the ground or hang
them on open-air racks to dry. According to the U N. Food and
Agriculture Organization, 225 million tons of food is dried in
this traditional way. But open-air drying does exPose food to
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dirt, animals, insects, molds, and bad weather,all of which
result in significant crop losses. Thus, reducing postharvest
food loss through the use of closed-cover dryers has become a

critical part of the efforts of many Third World countries to
feed their growing populations.21

Partly because the gas and electrical dryers widely used in
developed-country agriculture are becoming less economic as
fuel costs rise, probably 'no active solar application for rural
develop.ment is receiving more attention than solar drying.
Many types of solar crop dryers are being tried, most with
success. Simple rice dryers work in Thailand, while more com-
plex grain dryers have been used effectively in Saskatchewan.
BUt problems remain. Particularly in closed systems designed
for use in colder climates, dust buildup is one. Volume poses
another Because space for collectors is limited, solar dryers are
seldom as cost-effective for drying large volumes of grain in
centralized facilities.22

Yet solar dryers are appropriate for on-farm drying: Fine
tuning the technology for this purpose, the Brace Research
Institute of Canada has built corn dryers in Barbados, fish
dryers in Senegal, and lumber dryers in Guatemala. The key
here is the full cooperation of agricultural extension services in
disseminatirig information about solardryers.23

Solar technology could also help meet critical needs for fresh
water Indeed, an inexpensive method of removing the.salt
from saline water would find almost unlimited application in
agriculture and industry in arid regions, mainly because the
cost of heat plays such a decisive role in shaping the economic
viability of distillation. Among die simplest and easiest tO con-
struct solar technologies, solar stills have black bottoms to
evaporate saline water and glass tops to admit the sun and
ollececondensing fresh water. With slight modifications, the

glass or plastic covers of this simple basin-type still can double
as a rain-collection system. As early as 1872, a 4,000-square-
meter solar still was built in Chile's Los Salinas desert to pro-
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vide fresh water for mules. Unfortunately, solar stills would
have to cover vast areas to inovide the quantities of fresh Alter
industry and agriculture need. In Algeria's dry clime it would
take one square kilometer of solar stills to produce enough fresh
water to irrigate three square kilometers of cropland.24

Solar stills do, however, hold considerable potential in iso-
lated rural communities. Where less than 50,00x.) gallons of
water per day is required, they are the cheapest source of
distilled fresh drinking water. On islands, where fuel costs are
high and fresh water supplies are limited, they are idealt Several
Caribbean, Pacific, and Aegean islands, currently employ solar
stills to provide drinking water. The most extensive solar still
usage is in the dry central Asian regions of the Soviet Union
and tire interior of Australia where livestock are watered from
solar stills.25

Since solar stills are easily fabricated by low-skilled labor
using lncally available materials, their use is particularly appro-
priate in Third World villages. Yet, efforts to adapt solar still
technology for use in such villages has met with Mixed results
to date. In Source Phillipe, a small deforested island off Haiti's
coast, community support and voluntary labor made a project'
work, but in several Indian villages projects failed because
the villagers had grown accustomed tO drinking the brack-
ish unhealthy water. Even with community support, outside
financing is typically neededone reason that several aid
groups are exploring the use of chiap plastic substitutes for
glass. 26

Solar .water heaters also have a place in rural development.
Few-spoor villages now have the hot water needed to make rural
health clinics and schools sanitary, much less to put to use in
communal showers and lavatories. Still, simple systems made
of inexpensive local materials have proven economically and
technologically appropriate in many developing countries. In
Peru some simple solar water heaters sell for about $12.50 each,
while thirty Chinese factories turned out 50,000 square meters

8
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gf solar collectors during 1980, mostly for use in hospitals,
apartment complexes, and sbhools.27
Active solar systems can also pump water for irrigation and
household use. In many rural areas irrigation pumps are princi-
pal users of electricity. In California the state. water-supply
agency consumes more electricity than apy other user. And in
rural India 87 percent of the electricity consumed is used in
water pumps. Increasingly, hopes for raising food production
in poor countries hinge on the greater use of pumped irriga-

jn.28

Since the need for ivater pumping is typically greatest where
nlight is abundant, solar water pumps seem a logical choice.
deed, successful solar thermal pumping systems have been

built using concentrators foriarge pumps (25 to 150 kw), while
flat-plate collectors work for smaller units (1,to 25 kw). In solar
inimps collector-heated water is used to turn an' easy-to-boil
liquid such as freon , into a gas, whose expansion drives
pumps.29 .

For twenty years the leader in developing solappowered
irrigation systems has been SOFRETES. This French com-
pany has installed more than thirty-six water-pumping irriga-
tion systems iri Africa, and Mexico, and it has, also begun to
develop solar electric pumping machines. In the United States
the world's largest solar-powered irrigation systema 56-horse-
power pump capable of delivering up to io,000. gallons of
irrigation water per minutewas built in Arizona in 1977.
Several other large systems using trough conCentrators are
being bulk in Israel and the Soviet Union."

Although solar pumps hold promise based on operating ex-
perience, the overall outlook is not encouraging. They are less
efficient than diesel engines, and few are economical. (Capital
costs range greatly, from $6,000 to $78,000, depending on
size.) Even where 'fssil fuels are unavailable, solar thermal
pumps compete economically only with photovoltaic systems,
whose price is falling steadily."
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Even as current solar technologies catch on, researchers the
world over are making solar collectormore N ersatile by improv-

ing perfortnance and lowering costs. The use of, neW glasses and
plastics, in partictilar, looks toinprove the economics of using
conventional solar designs. So too, the development of such
new solar design conceptsas concentrating collectors, evacu-
ated tubes, Fresnel lenses, and solar air conditioners is making
it possible to use solar energy to meet the rapidly growing
demand for industrial process heat and cooling buildings.
Bewildering in its maltiplicity, all solar research does hee at

. lead one common aimlowering the delivered cost of solar
nergy by impeoving performance, u`sing cheaper. materials, or
nerging storage and collection systems.32

he most N Bible engineering trend is replacing solar collec-
tors' corrosion-prone, expensiv metal parts with plastics.
Lightweight plastic ost less t ransport, install, and support.
They do not conduct e J, but they can be configured to
compensate for that drawback, and although plastics are made
from fossil fuels, plastics production requires less energy than
do mining and refining metals. The major challenge in plastics
work is extending longevity since plastics degrade faster' in
sunlight than metals,do.33

Another materials ihnoN ation, the use of plasti: thin,filin on
collector surfaces, may revolutionize solar heatink technology.
The new "solar sandwich" collector being devejoped at Brook-
hav,en National LaboratOries features layers of highly heat-
absorbent plastic films suspended by lightweight steel. With
installed costs of. $5 per square foot and manufacturing costs
as low as $ i per square foot, these ,films offer strength, durabil-
ity, good performance, and short paybacks. Experiments,show
they may also be able to endure the high temperatures industry
uses.34

The use of "super-glazing"a, type of glasscould also
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speed solar evolution. A U.S. company, Covting Class Works,
developed a process that minimizes' the internalfieat loss of
regular glass, and the Solar Energy Research Institute is testing
this glass in solar colleciks. SERI's hunch is that this glass may
workhetter in solar collectors and be easier to handle than glass
iiriginally designed for windows.35

Entirely new collector designs are also emerging. Of the lot,
evacuated tube collectors come closest to widespread commer-
cial application. Resembling 'fluorescent lightbulbs, the 'tubes
consist of a blackened air-filled glass cylinder enclosed within
an outer protective cylinder from which the air has been
removed. A ,*vacuum insulates perfectly, so the high winds and
cold weather that reduce flat-plate collector performance do
not affect the tubes. ,Because air is used a4 the heat-transfer
medium, freezing is not a problem either. Evacuated tubes can
also deliver Ilea at higher temperatures than flat-plate collec-
tors can. Indeed, attaining temperatures of 82*C or, above
(i 16.*C -with refiectOrs), they can be used in a broad range of
residential and industrial applications. They are also light
weight, versatile (of use in space heating, water heating, and
cooling), and easy to mass produce iri highly automated facto-
ries.36

Evacuated tubes are, however, fragile ancl 'easily broken.
Expert opinion on the prospects for this technolO6 is harply
divided between promoters and those who question whether
the tubes' higfi price and breakage problems underent their

. advantages. Private companies like Philips Electronics of the
Netherlands, General Electric in the United States, ;anyo

lectric in Japan, have done the most work to develop evacu-
a. tube collectors.

In industry, ;which uses roughly one-third of the energy
consuMed in' industrial countries, new solar tschnology will be
used increasingly. However, that use will bf constrained by
industry's need for high temperatures, since the cost-effective-
ness of solar heating decreases as the temperature increases.
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Vb ile very high temperatures can be obtained. when large
expanses of mirrors reflect sunlight to a small receiver, the
smaller and simpler Ion- and medium-temperature systemsare

ior now more cost effective. In the United States 27 percent
of industrial heat use .is below 287°C, a temperatuie that can
be met with commercially available solar systems.37

Solar technologies for achieving the spectrum of tempertr-
tures needed by industry are here or on the way. For heating
water and for low-temperature drying, flat-plate collectors
using,air or water are appropriate, linear concentyator collec-
tors can best provide low- and medium-temperatuie industrial'
process heat Parabolic troughs that track sunlight rxd focus it
on a black liquid flowing through a long, narrow pipe or tube
are being marketed by several dozen firms.38

The technology of concentrating collectors is evolving rap-
idly Films that preserve reflectiveness, thinner more durable

*reflectors, more efficient heat-transfer systems, and cheaper
hacking mechanismsall are at the foreftont of concentrat-
ing:collector design. Research is also focused on suladgituting
'plastics and reflective foils for costly metals and on lowering the
weight of concentrating collectors so smallm cheaper motors
can be used to track the sun. Now handmade, concentrating
collectois will also grow cheaper When mass produced. Recog-
nizing that tlie market will belong to the- company that `firSt
culls enough sales to justify the investment in automation,
several governments (most notably France, Japan, and Israel).
are heavily subsidizing the concentrating:collector industry.39

An entirely new type of.concentrating collector made of
cheap plasticthe Fresnel lensoffers high efficiency at a

modest price. Transparent grooved s 'lkets of plastic that bend
light rays much as pris-ms do, Fresnel nses can concentrate
sunlight by as mucll as fifty times. AI ekperimental Fresnel
leps his achieved temperatures of 55cfC, and plastic sheets .

costing only $3 to $4 a square meter have, attained tempera-
tures in excess of 3oo°C. With farm uses in mind461-5'.-9epart-

i
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ment of Agriculture scientists projett a two- to ten-year pay-

back period for these lenses.40
Reaching the still higher temperatures needed to smelt

metal and produce superheated steam requires using "Solar

central receiyers" that can concentrate onto a small spot the
sunlight falling on several acres. Temperatures to 750.c.
can be obtained with such receiving towers, which concentrate
the sunlight reflected off hundreds of flat miirors. Although

this technology has npL..been pursued with_ industrial users in
mind, a recent study ound it to be economical in the smelting
industry at present piergy prices. Looking at the giarkt Hidalgo

.copper smelter in lc°, a New York engineering and

architectural fir. fo d that a multi-million dollar solar system
covering a square mile of .desert could displace almost a half
million barrels of oil annually and pay for itself in less than two

years.4'
To date, the research on solar power towers has emphasized

electricity production. The largest power tower, with a io-
megawatt capacity, stands in the Mojave Desert in southern
California near the town of Barstow. This plant, knnwn as
"Solar One," relies on 1,818 flat sun-tracking m.i rrors, each 430

square feet in size, to concentrate sunlight on a central receiver

atop a, 300-foot tower. The Barstow power tower has l:;een

repeatedly criticized by. U.S. solar euergy. advocates Who ques-

tion the economic feasibility of the technology and who object

to the project's dominance of the federal government's solar
research budget. While the b
One mIkes little sense, the t
both for utilities and industri
California utility is seeking bids
acre, loo-megawatt power to

In dustry, solar energy p
early a d rapid growth in f

ry priority granted Solar
hnology'will have application
in desert regions. A southern
or the construction of a 2,000-

42

the best prospects for
essing. Two-thirds of the

heating needs of this industry ar or heat under ioec, and

ood processing now takes io to 15 percent of all industrial

A
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energy. Under a U.S. Department of Energy experimental
program, solar technology is being employed for such diverse
tasks as frying potatoes in Oregon, washing soup cans in Cali-
fornia, processing sugar in Hawaii, and drying soybeans in
Alabama. So far, such experiments have been expensive but
technically sound.'"

Solar energy also has a place in the oil industry. As now
practiced, enhanced oil recovery involves injecting steam into
wells to loosen highly viscous oil, In California, the world's
leading producer of heavy oil, it takes one barrel of oil to heat
enouglyteam to extract three additional barrels. Although
oil-fired systems are currently cheaper than solar cbncentrators,
rising oil prices and pollution from burning heavyunrefined oil
in highly polluted areas are making solar energy increasingly
competitive. When oil-producing countries are forced to turn
to enhanced oil recovery to extract petroleum from their old

or low-quality fields, solar, collectors could be extensively em-

ployed.'"
For all its merits, putting solar heating technology to work

in industry has turned up problems. Government-funded in-
dustrial process heat projects, for instance, never achieved ex-
pected efficiencies. Among other things, dust builds up on
concentrators used near polluting factories and pipes freeze
and burst in cold weather. The uneven output of solar systems

can also pose problems in factories that depend on a steady
source of heat. A final difficulty is that of retrofitting some
factories. While none of these problems iS insurmountable,
businesspeople are not likely to invest heavily in solar technolo-

gies until reliable cost and performance data accumulate. How
long solar heating systems will last in real-world'operating con-
ditions is another unknown.45

As for solar air conditioning, it holds particular promise for
.displacing the fast-growing use of electricity. Use of the sun's
heat for cooling is particularly appealing because demand for
air conditioning is highest where sunlight is most almindant

6
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Need matches supply, and storage and backup systems are less
critical because periods without sunshiwiequire much less air
conditioning. Already, several distinctly different types of ac-
tive solar air conditioners are commercially avilable. One: de-
sign Marketed by a U.S firm, Zeopower, makes use of a water-
absorbing material called zeolite, ta provide cooling during the
day and warmth at night A factory capable of manufacturing
i oo,000 units a year is being built in Texas, and the1fiim hopes
imits selling for $12,009 to $20,000 apiece will caiituie 1 per-
cent of the y.s, market by 1985. An entirely different design
i's already being marketed by Yazaki of Japan and Arcla ii1 the
United States.46 .

- Solar air conditioners are large, technically complicated, and
expensive, but so too are the conventional systems solar units
'must compete against. If these systems can gain commercial
acceptance, an enormous market awaits them. Worldwide, air
conditioning accounts for a large and rapidly growing share of
electricity use. In the United States air conditioning uses 20
percent ,of all energy expended to heat and cool buildings, In
some tropical developing countries, air conditioning uses more
than half the electricity produced.47 ,

t

Sun on the Waters: Solar Ponds and Ocean Thermal
Energy,Conversion

Two extremely simple technoldgies, salt gradient ponds and
ocean thermal energy conversion (OTEC), rdy, upon abundant
and cheap salt' water to economically collect and store heat
from the sun Little more than elaborate plumbing systems,
these technologies convert relatively small differences in water
temperature into useable energy. Although they convert only

.
.

:

I

1

tiny percentages of the water's heat, the low coSt of the collec- 4

tors and storage media make these systems economically com-
parable, if not superior, to metal or plastic-based solar collec-'
tors Because solar ponds have low conversion efficiencies,

,

.,
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sunlight must be collected oer large areas to obtain appreci-
able quantities of energy. However, this is not a significant
constraint to the use of either technology since the.preferred
localestropical oceans and desert salt flatsare abundant

Salt gradient ponds, or solar ponds as they are known for
short, work by trapping solar heat in very salty waters at the
lower le els of shallow ponds. Since salty water is heaier than
fresh water, the heated water fails to rise and evaporate In-
sulated from heat loss into the air by the water above it, solar
pond water can reach the boiling point, and its energy is availa:
ble throughout the coldest winters. Because the basic materials
of such salt-gradient pondswater, salt, earthen walls, and
plastic liningare so cheap and widely available, solar ponds
could be used almost anywhere."

Solar ponds are being successfully employed in several coun-
tries to generate electricity, desalinate water, and provide heat.'
Israel has one solar pond that produces 150 kilowatts of elec-
tricity, and a pond several times that size is being built on the
Dead Sea's shores. If this larger model proves as cost-effective
as expected, Israel plans to build 2,000 megawatts of pond
capacity, enough to meet zo percent of national energy de-
mand by the year zoo°. To convert hot water into electricity,
the Israelis employ Rankine engines containing Freon, which
bolls at 50.c. Another experimental project, on the Salton Sea
in arid Southern.California, will produce 5 megawatts If this
pilot plant works as planned, a 600-megawatt plant- large
enough to provide power for a city of 350,000 may be built.
A 2,090-square-meter pontl in Alice Springs, Australia, is suc-
cessfully supplying heat and electricity to a restaurant, vine-
yard, and winery complex."

Most solar pond development is being pursued in very sunny
regions with natural salt lakes. But an experimental salt-gradi-
ent p6nd is heating a municipal swimming pool and a recrea-
tional building in Miamisburg, Ohio, for about as much as it
would cost to b.ly the rtecessary heating oil. At Hampshire
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College in the United States, researchers have laid out a de-
tailed plan to show how Northampton, Massachusetts, a town
of 30,000, could economically meet all of its space- and water-
heating needs from commu6itY'solar ponds connected to build-
ings by underground pipes. Distributing heat from solar. ponds
to whole neighborhoods in this way appears to cost no more
than using dispersed, household-sized solar water heaters and
Considerably less than using active solar space heaters simbly
because the storage and the collection systems are one in the
same.50

Few insurmountable barriers stand in the way of the large-
scale use of solar ponds. Desert salt lakes have virtually no other
development value, and land requirements are reasonable: Salt
ponds can be used everywhere except densely populated center
cities (Northampton, for example, could meet all its needs by
turning just 1.8 percent of its land area into solar ponds.) As
long as liners are used to prevent salt water intrusion into land
or water _tables, solar ponds are alselenvironmentally benign.
Surprisingly, the solar ponds being built at the Salton Sea will
actually reduce the salt build-up now threatening fish life."'

The sun's energy can also be tapped Gom natural bodies Of
salt water by a teclinology known as ocean thermal energy
conversion (OTEC). The earth's oceans absorb vast amounts
of sunlight, most of which is radiated back into the atmosphere
or dissipated as currents. Yet a small fraCtion of this heatin
absolute terms, several times total human energy usecan be
harnessed in areas of 'the ocean where the temperature differ-
ence betiveen warm wate j. and cooler water 1,000 meters below
is at least 18°C.52

OTEC 'Plants operate like a coinmon household refrigerator,
only in reverse. kleat from the warm surface water first evapo-
rates a woiking fluid, usually ammonia. The ammonia vapor
drives a turbine attached ,to an electric generator and is then
condensed by cold water brought up from the deep sea. Virtu-
ally affthe ocean area within the tropics has a sufficient temper-

9 u
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attire gradient to tap With OTEC. Altogether some sixty-two
countries, most of them Third World nations, have national or
territorial waters capable of supporting an OTEC plant. Ob-
taining significant quantities of energy from OTEC plants will,
however, be a herculean undertaking. A 230-megawatt .plant
Would use a pipe 30 meters in diameter through which would
flow a volume of water comparable to the Mississippi River.53

Although OTEC is simple in principle, several basic prob-
lems cast doubt on the practicality of the technology. Corro-
sion of pipes from salt water, growth of algae and barnacles on
heat exchangers, and tropical storms all pose major, as yet
unsolved, engineering hurdles. Aluminum pipes that last no
more than fifteen years in salt water could be replaced with
titanium, but at prohibitive cost. Colonizing set organisms
must be scraped off heat exchangers of experimental OTEC
plants once a week, imposing potentially significant mainte-
nance costs The tropical seas with the highest thermal gradV
ents are periodically swept by devastating, hurricanes and ty-
phoons generating hundred-mile-per-hour winds and
thirty-foot waves The first OTEC system was sunk by a hurri-
cane off Cuba in 1922, setting the technology back a half
century So great are the engineering challengei to stabilizing
a thousand-meter pipe in rough seas that several experts believe
that QTEC will be feasible only where the pipes can be se-
curely fastened to sloping ocean floors."

Despite these obsta les, OTEC has strong supporters. A
panel of OTECexpertsjassembled in 1981 for the UN Confer-
ence on New and Ren able Sources of Energy estimated that
io,000 megawatts of OTEC capacity would be built by the
year 2000, a projection not likely to be realized. The principal
OTEC researchers, Japan and the United States, have both
spent more. than $100 million on OTEC research. The first
U.S. OTEC unit, built on a barge off the island of Hawaii, was
ruined in 1981 when its piping was torn away by strong ocean
currents Japan has assisted the Pacific island nation of Nauru
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in building a ioo-kilowatt facilitY firmly anchored on the sea-
bed. One result of this project is to dramatically alter the
surrounding aquatic environment by bringing the nutrient-rich
subsurface water to the clear nutrient-starved surface waters.
The resulting luxuriant plant and fish life is seen by environ-
mentalists as a 'serious disruption of coral reef ecosystems but
by OTEC advocates as a major side-benefit to energy produc-
tion. Indeed, elaborate designs for giant open-ocean OTEC
plants envision using the energy to protess and refrigerate fish
that are caught in the area.55'

Because solar ponds and OTEC plants are such inefficient
energy converters and require such large areas, extensive reli-
ance on them could alter weather and perhaps climate pat-
terns. Extensive networks of solar ponds would probably raise
the ambient temperatures of desert regions, with diffieult to
envision effects on precipitation patterns and wildlife. By,alter-
ing ocean currents and surface temperatures, large-scale
OTEC use could, affect tropical storms and fisheries in ways
that are not easy to project. However, given the major engi-
neering challenges still ahead, it will be many years before*,
those large-scale enyironmental constraints come into play In
the meantime they should be carefully assessed.56

Barriers and Incentives

To realize solar energy's promise fully, many governments have
begun providing incentives and reducing the barriers to solar
'energy use. Most visibly, R&D funding has multiplied *over the
last decade. In the United States spending paised the $400
milliOn mark in 1980 but has since declined to less than $200
million. French spending increased from $12 million in 1975
to $63 million in 1978a 400 percent increase in just three
years. Several large R&D centerslunded by the International

'Energy Agency have been set up in ,Spain, which is rapidly
emerging as the hub of solar development in Europe. Japan

9
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and the So%iet Uniontulso have extensive R&D programs under
way Other countries have specialized in particular technolo-
gies. Israel in solar ponds, France in high-temperature concen-
trators, and Australia and Mexico in solar distillation.57

Yet spending is still .too meager to compensate for past
neglect, to match go% ernment research on conventional fuels,
or to exploit the most _promising technological leads. Many
important4applicationsindustrial , process .heat, solar ponds,
and advanced materials researCh among themdeserve vastly
expanded financial support. In the countries with mixed econo-
mies, where most R&D is occurring, government programs
must be carefully tailored to augment rather than duplicate or
displace corporate activiry. Although governments have more
resources and more incentive to fund long-term projects with
distant payoffs than private corporations do, they are relatively
less attuned to what will be commercially viable. Where gov-
ernments hold the patents to all inventions growing out of
publicly supported research, inventions reach the marketplace
slowly at best. The' interruption of government-sponsored
R&D prOjects in midstream for political reasons also causes
problems.58

Another pitfall' of government R&D programs is the tend-
ency for agency officials to award research grants to large estab-
lished firms instead of new, potentially innovative small firms.
Such untoward caution clearly retards technical innovation.
The pattern is particularly visible in the United States, where
8o percent of government solar R&D funding has been chan-
neled to large firms. Yet smaller firms tend to be much more
innovative and to create more new employment.59

Balancing near- and long-term applications is another prob-
lem with po simple solution. Too many government scientists
and corporate researchers have tended to pursue technological
perfection as an end in itself, focusing on long-term high-
technology applications of more intellectual than practical in-
terest. This approach might be advisable if the private sector
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were perfecting and refining current technologies at the smile
time. But the energy crisis made the overemphasis on king-ip

term R&D only too plain.60
Apart from research, development, and demonstration pro-

grams, several national governments have also sponsored such
consuMer-financing initiatives as tax breaks and direct gthnts.
In the United States a tax credit enacted in 1978 and eXpanded
in 1980 offsets as much as 40 percent of the cost of buying and
installing a solar system. Almost every U.S. state offers some
sort of solar tax incentive, ranging from sales and property tax

,
exemptions to a 55 percent credit deducted from the state
income tax in California. France and Spain took the U.S.
approach in 1C)81, while Japan provides direct cash grants
covering one-half the cost of purchasing and installing solar
heaters."

.

The second approach to accelerating the use of active solar
systems is direct regulation, which works remarkably well when
implemented by a local government mindful of local condi-
tiOns and needs. Sjnce. two years ago when Israetbegan requir-
ing all new residential structures of Jess than ten stories" to
install solar hot water heaters, 250,003 solar water heaters have
been installed. San Diego, California, ilas alsO required all new
buildings to install solar water heaters if they would otherwise

$ make usoe of, natural gas or electricity. Still, the ..simplicity,
economics, and popular support that underpin the market suc-
cess of soiar hot water heaters cannot be exaggerated, sand
fe-deral government attempts to require the use of other solar

fr technologies could well backfire.62 .

Greater use of solar energy in industry means overcoming a
different set of barriers. Even where solar equipment can com-
pete economically with conventional energy sources, iridustry
is likely to consider other claims on its investment capital as
more important and less risky. Researchers at the Harvard
Business Sihool contend that manufacluring firms require a
much higher threshold of profitability for investments that do

.

1
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not directly relate to their product than for those that do.
Where annual rates of return of io to zo percent are enough
to trigger investments in the company's product line, rates of
return approaching 30 percent are needed to get firms to invest
in money-saving energy tonservation and solar collectors. Un-
like oil; gas, or electricity (which do not entail an initial capital
investment by an industrial firm), solar equipment must be
purchased directly by the companyan added risk.63'

The key to overcoming this barrier may be in a new type of
sdlar marketing strategy based ort leasing solar systems or sell-
ing their output. An Israeli firm, LUZ International, Ltd., has
set up subsidiaries .that have negotiated several twenty-year,
multimillion dollar contracts with textile manufacturers in
Georgia and North Carolina tor steam produced from highly
efficient solar collectors. LUZ must make sure .the collectors
are operated and maintained properly, and the textile compa-
nies do not have to tie up their capital in unfamiliar technolo-
gies. Solar leasing is being pioneered by a small Southern Cali-
fornia firm, PEI, Inc. Under the conditions of the first signed
contract, fifty-two PEI-installed, owned, and maintained col-
lectors will enable a laundromat p save $165,000 in energy
over seven year's. Widely used in the information-processing
and office machine industries, leasing offers customers the ad-
vantages of solar 'heating without a large capital commitment
or-the risk of obsolescence.64 -

A second.critical but artificial constraint to the greater indus-
trial use of solar energy is tax policies that continue to favor
conventional fnels. Since the costs of heating fuel are tax de-
ductible for commercial businesses and industries while the
"fuel" for solar systems is not because it is free, muci, of the
economic incentive to use solr energy is negated by the tax
system. Either a deduction for the,amount of Veing saved
by using solar energy or the abolition of the business deduction
for fossil fuels would eliminate this bias,65

The widespread use of solar energy systems will also pro-
4

/
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foundly affect the ele utility industry. AS providers of
backup power for solar-equip d buildings on sunless dayi and
as disseminators of solar equipment, utilities will play new roles
in the energy economyones that will affect both the eco-
nomic viability of solar systems and the rates all electricity users
pay. Although solar systems will reduce both total demand and
peak demand on a typical day, on a rainy day in a peak-demand
season every backup systeni may have to draw on the grid at
once. Since law requires utility companies to maintain power-
generating capability to meet any reasonably expected de-
mand, the widespread use of solar equipment with electric
backup s);stems could leave utilities with expensive excess idle
capacity.

In Western Australia, where 15 percent of all households
have solar water heaters, 4 percent of the winter peak can be
attributed to solar hot water boosters. One study of U.S. utility
customers with solar heaters found that the typical user of solar
heat had a load factor 40 to 50 percent lower than thit of a
conventional customer. Since servicing a solar-heated.home
costs the utilities as miich as servicing a conventional home,
this means that current electric rates do not cover the costs of
serving solar homes. In Colorado one utility has unsuccessfully
attempted to impose a $40 a month surcharge on customers
who have solar hot water heaters.66

Rather than charging solar equipment owners special rates,,
utilities should charge all users of peak electricity equally high
rates that reflect the added costi the system incurs as a result
of their demand. As experience with "time of day" pricing in
West Germany sliows, demand peaks can be shaved if uiers
have an incentive to curb power use at certain tinks. In cases
where backup power for solar water heaters increases peak
demand,,simply installing extra storage capacity usually makes
more economic sense than foregoing the use of solar equip-
ment.67

Utilities may also find it smart to finance, install, and main-
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tam Solar heating systems for cdttomers. Because utilities have
a highly developed service network and longstanding relations
?vith all energy users, they are in an ideal position to bring
about a rapid growth in solar collector use. Several innovative
utility programs to finance solar water heaters are currently
under way in the United States. In the Solar Memphis Project,
the Tennessee Valley Authority is loaning consumers $2,000
at 3 percent interesi rates for Nmit 'years. The consumer pays
a set monthly fee to the utility and e utility arranges the
instllation certification, and mainteliance of the system.
Sonie ro,000 water heaters wilt be installed under this
scheme.68`

An even more ambitious utility solar-financing scheme was
launched in California in 1979 when the state's Public Utilities
Commission ordered the state's four largest private utilities to
provide cash rebates and low-interest loans to customers who
purchase solar equipment. Under this plan, utilities will make
financial incentives worth $182 million available for the pur-
chae of an estimated 375,090 solar water heaters. According
to PUC-calctlations, this expenditure will save the utilities
$615 million in power plant construction costs; fvr a nq,sav-
iligs o0433 million. California consumers will be spared the

, high initial expense of buying a solar water heater.69
Many solar energy advocates oppose involvement in

solar energy. The fear is that utilities will reduce competition
in the solar industry, drive rip costs to the consumer, or attempt
to give solar energy a bad name. In truth, the attitude of the
U.S. electric utility industry toward solar energy has been unen-
thusiastic. While more than Igo U.S. utilities are experiment-
ing with solaF energy., it pas fallen to publicly owned utilities

"".. such as TVA or heavily regulated ones such as those in Cahfor-
nia to actually promote its use. Still the profit motive has.led
some utilities to embrace solar energy and they may one day
become good sources of financing and promotion for its use."

Solaradvocates have also protested the entv of some of the

9 /
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world's largest conventional energy corporAbrrs-into the solar
...., industry. During the thid-seventiis, several major oil compa-

nies purchased major shares in solar collector firms. Other large
firms, ranging from General Motors' radiator division to the
gtss conglomerate Libby-Owens-Ford, have also moved rg-
pidly into the emerging industry. The objection voiced here is
that giant energy conglomerates would slow the pace of solar
development to protect huge in tments in conventional

sofuels. In fact, me conspiracy theor s suggested that Exxon's
acquisition of Kennecott Copper w s a move to monopolize
copper, a key raw material for inakird solar collectOrs.71

Such fears app6r,exagger ted. After the-, initial flurry of
acquisitions, oil -and aerospa e firms began selling the solar
subsidiaries, feW of which have made profits. Stung by several
years of disappointing returns, Exxon, the world's largest oil
company, in 1981 sold its solar hot water heater subsidiary
(Daystar) to an independent wlar company (American Solar
King). The new owner sees profit to be made, chiefly by reduc-
ing the highly paid administrative staff. In general, most large,
high-technology corporations are tecognizing that marketing
solar water lieaters requires a semiskilled work force, attention
to small separated markets, and settling for profit levels typical
in small business. An industry more akin to plumbing than oil
drilling simply doesn't need a large corporation's technological

. and manigerial- force.72

The Solar Prospect i

The solar technologies already for sale will contribute ever
more to meeting the world's energy needs in the years ahead.
The well-established solar hot water heating industry will grow
rapidly. Government programs, the momentum of the growing
industry; and economic forces will bring solar water heaters to
one-fourth of the horiNt* in Japan, two-thirds of the homes in
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Israel, and onelixth of all U.S. homes by the year 000. (See

Table )71

Tab e 1. Use of Solar Water and Space Heaters, 1082-2odo

2000
1982 Midrange Projections

Number of Share of Number of Share of
Country units homes units homes

United States 1.5 million I in 75 15 minion I in. 9

Japan 3.6 million I in lo 10 million I in 4
Israel 300,000 I in 3 I million 3 in 4
Western Europe 6o,000 I in 2000 7 million in 15

Source: Worldwatch Institute.

The prospects fOr industrial and agricultural process heating
and solar air conditioning are harder to gauge. But these tech-

nologies could displace use of oil, gas, and electricity even more
dramatically than'solar water and space heaters do, even if no
major technical breakthroughs occmoor users do not cqngregate
in sunny areas just to use solar technologies. (See Table 4. / for
midrange estimates.)

Table 4. 2. Worldwide Active Solar Energy Potential-

1980 2000 Long-range potential

(exajoules)

.. Residential/commercial
water de space heat

<0.1 ,7 33%-50% Rif total

Industrial/agricultural
process heat

<0.1 2.9 25 70-50 % of total

Solar ponds <0.1 2.1-4.2 10-30 +

A

Source. Worldwatch Institute

Despite a slow start, applying solar technology to industry's
needs could spawn a new industry. The InterTechnology Cor-

(
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pOration asserts that tracking para ic concentrators couldp,
comthand a third of the krocess hea market by the year 2000,
assuming a 15 percent rate of return, and the 1979 U.S. Do-
mestic Policy Review on Solar Energy piedicted that 2.8 exa-
joutes of solar industrial energy use is technically and econorni;
cally feasibke for the year 2000. Supplying this much ener
will require') between 700 and goo million square meters 6,
collectors at a cost of about $400 billion and will probably no
occur until well after the turn of the century. It will also require
installing solar equipment in most new industrial facilities.74

No detailed surveys of the worldwide potential of solar ponds
have been cirried out, but scatejsd national and regional
assessments indicate these ponds are, a world-class energy rze-
source.,One survey of fourteen sunny countries puts energy
capacity' frOm natUrally saline lakes alone at, between 30,000
and 1 6o,000 megawatts by 'the year -2000. Analysts at the
University of Sydney estimate that Like Torrens, one of many
saline lakes in southern Australia, could yield over thirty times
as much electricity as the state now consumek. And in the most
detailed large-area survey yet performed, Jet Propulsion Labo-
ratory reseatchers found that 8.9 quads of heat and electricity
(more than io perce,nt Of total U.S. energy use in 1980) could
be economically produced by solar ponds in-the U.S, Sunbelt
by the year 2000. Large areas of Soviet and Chine4 Central
Asiar the Middle East, and northern Africa also appear well
suited for salt ponds.75 ..

t
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Sunlight to Electricity
The NewAlchemy
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If some renewable energy technologies are workaday de;ites,
photovoltaic cells excite the imagination. Developed during
the semiconductor revolution of the fifties, these ingenious
devices convert sunlight into electricity in one simple and
nonpqlluting step. By changing one of the world's most abun-
dant and widespread energy sources into one of the most versa-
tile and valuable _forms of energy, photovoltaic solar cells work
a feat of near alchemy. Steam turbines and other conventional
technologies powered by fuel combustion appear clumsy and
inefficient by comparison.,"

Without moving parts, photovoltaic Systems are reliable and
need little maintenanceclaims that can be m'ade for few new
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energy technologies. And solakells could well be the ultimate
decentralized energy technology. Unlike most energy systems,
the cost of harnessing photovoltaic electricif9 falls orbly mod-
estly as system size increases, so solar cells can be used in small
quantities on rooftops, on farms, in rural communities, and
even in cities. Photovoltaics offers indiv uals an unprece-
dented opportunity to generate their own elec icity. In Third
World villages, solar cells could provide small but vital amounts
of electricity for the poor majority.

But such changes are still around' the corner. The main
probl6 is not technological. Solar cells have worked w,ell in
various applicattions for over two decades. Rather, the problem
.

is cost. At current prices, a photovoltaic, system can easily
increase the cost of an electricity-guzzling modem house by. 50
percent: Indeed, most solar electricity systems installed so far
are tiny and are located on micro9ve repeaters, fire lookouts,
and similar itmote facilities. The approximately io,000 houses
equipped with small photovoltaic syStems worldwide are virtu-
ally all in regions without,conventiondlly generated electricity.'

Still, photovoltaics developinent has been so rapid that eco-
nomic constraints could rapidly fall away. Between 197 and
1982, the worldwide production of solar cells expanded more
than tenfold and their' cost fell approximately 50 percent.2
During ,that period approximately, fifty comPanies worldwide
entered the photovoltaics business( Such spectacular advances
cannot continue indrfinitely, but significant progress is ex-
pected throughout the coming decade. ln fact, there are now
several technologies in the world's photovoltaic laboratories
with the potential to revolutionize the solar cell itdustry if they
prove feasible for commercial production,

1 02
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' I

A Space-Age Technology
4

Solar cells are, of modern science born. They have no rich
history, no traditional uses Photovoltaic technology rests on
solid state physics, a science barely understpod until the, mid-
twentieth century. Like microelectronici, photovoltaics is

based on'the use of semiconductorsmaterials that have prop-
erties in between those of a metal and nonmetal and so con-
-duct electricity only slighty. Alsc,like microelectronics, photo-
voltaici could become one of' the twentieth century's great
technological success stories. t

While French scientist Edmund Becquerel discovered in
1839 that when light strikes some materials it causes an electiic
spark, it took scientists many years to understand the cause of
this "photoelectric effect"that "photons" of light can 'dis-
lodge the electrons that orbit all atoms. In silicon and, a few
other semiconducting materials these dislodged electrons can
be turned into a tiny electric current. For decades, the utility

!

of this phenomenon went unrecognized.3 $

In 1954"scientists at Bell Laboratories in the United States
discovered that single crystals of silicon could be mide into
practical photovoltaic cells...Within a year experimental silipaii
Cells made in Bell Labs were converting 8 to i i percent of
incoming sunlight into electricity. BrieflY, Bell considered
using the newly developed solar cells to power telephone sys-
tems in remote areas. Business Week let its' imagination run
wild, envisioning an automatically controlled solar car in which
"all the riders could sit comfortably in the back seat and per-
haps watch solar-powered TV" Such dreams were soon
dashed by economic reality, however. Costs for the newly de-
veloped sotar cells were sky high '(perhaps sixty times current
price).

Wereit not for tbe U.S. space program, photovoltaic energy
mig I t have faded from the scene. But when,satollite scientists
in the mid-fifties began 'searching for a very light And long-

$ 1
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lasting power source that could be boosted easily into orbit, the
newly developed solar cell emerged as the best candidate.
When.the space race began in earnest a few years later, the
U.S. government devoted considerable, funds to solar cell devel-
opment, bringing into being a photovoltaics industry that sup-
plied power panels for hundreds of American satellites. Today
solar cells power virtually all saiellites, including those for de-
fense as well as scientific research. Solar electricity is particu-
larly imPOrtant to the growing world information economy
since solar cells 6e used on sptellites-that relay long distance
telephone calls, contputer hookups, and television transmis-
sions.

Yet space program researoh did not lead directly to the
development of photoyoltaics of practical terrestrial use. The
space program's needs were for light, efficient, and reliable cells ,

_

operable where sunlight is more intense than it is on the earth's
surface. Cost mattered little 'siiice relatively few cills were
required and the space program's budget was otherworldly
anyway. Consequently, solar cells developed for.space were still
far too.- expensive for widespread use on earth.

The next spurt of interestin solar cells came when electricity
prices began soaring in the early seventies. Researchers both in .

Europe and the United States looked anew at the technology
and studied the potential for reducing its cost;clAlmost over- .
night, diverse photovoltaics research programs aippeared in sev-
eral countries. Tosome visionary technologists, solar cells' fu-
ture as a major, electricity source seemed bright.

Most commercial 'development programs have so far focused
(

on single-crystal silicon cells similar to fhose developed by Bell
Labs. While siliCon, the wain component of sand, is thetecond
most abundant element on earth, the,silicon from which semi-
conductors are made must have at most one impure atom per
billion. One of the Turest commercial materials used, it is
energy-intensive and expensive to produce.

After purification the silicon is melted and then Carefully
. t

lc
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drawn from a vat using a technique known as the Czochralski
process. The silicon is simultannitly combined with small

a quantities of another element (usually boron). The resulting
c'rystal, which is about ro centimeters in diameter and up to
one meter long, is then sawed into many thin wafers in a
difficult, expensiNe manner similiar to slicing bologna Adding
to the cost is the waste of about half of the valuable purified
silicon in slicing. Each wafer is "doPed" with trace elements
that form a barrier of electric charge between the two'sides of
the. cell that,directs the flow of electrons set free by ificoming
sunlight. .7

Metal contacts placed on the front and back of the cell carry
the dectricity thaLhas been generated to a batteiy or other
device. Groups of photovoltaic cells are wired together in a
module that is typically a square meterin size and encapsulated
in glass and soft plastic for protection. Each module resembles

.. an fordinary solar collector and has a generating capacity of

approximately loo watts.5, . .

gesearchers have already greatly reduced the cost of single-
crystal silicon cells. From over $600 per peak watt at the 1

beginning of the space program, the cost of solar cells fell to
$zoo per peak watt in the early sixties and to $5o per peak watt
by the early seventies. Today, solar modules cost in theo4gh-

, borhood of $8 to $15 per peak watt, apd the market for photo-
voltaics for communications installations, small pumps, electri-
cal rust protection .for bridges, and other specialized or remote
uses is expanding rapidly. Worldwide sales of photovoltaics
reached 8,000 kilowatts of.capacity in 1982over. ten times
the market size in 1977 and four times the 1979 level. This is
sufficient generating capacity to supply approximately 15oo

x-
modern housesA ,-...

Phenomenal technological success aside, the current state of
the technology should not I3. overestimated, nor should the
need for continued innovation be dismissed lightly. 'At $ ro per
peak watt, solar cells generate power for approximately $1.ob

i

J
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toiz.00 per kilowatt-hour depending on the climateover ten
times the cost of power from conventional sources.7 Continu-
ing and substantial cost rethictions will be needed before

, photovoltaics can cotnpete economically with electricity from
utility grids.

,

Research Horizons

The future of photovoItaics depends on evolutionary progress
in support technologies and further advan es in solar cell pro-
duction processes. So far, industry has oncentrated on the
technologies that are closest to ready for the market and re-
quire, relatively little %,,ork to meet cost goalsitGovernment, in
contrast, has supported work on potentially less expensive tech-
nologies that are still a decade or more from commercial readi-
ness. Worldwide, public and private investment in the technol-
ogy now amounts to approximately $5oo Million per year,

I two-thirds of it private money.8
The Ugited States has backed the world's most ambitious

solar cell development effort. U.S. government spending on
photovoltaicsthe largest component of the renewable energy
research budgetincreased steadily after 1973, topping $150
million per year in 1980 and 1981, only to fall to $75 million
in 1982. , These funds primarily support advanced research on
photovoltaic technology, development of low-Cost_solar arrays,
and commercialization programs. As of. 1982 the advinced
research effort, managed by the Department of Energy and the
Solar Energy Research Institute but conducted through uni-
versity laboratories and private companies, had become the
most active part of the program while commercialization el-

' forts have been all but eliminated. In all, these programs have
been quite successfulwitness the U.S. lead in both advanced
technology development and commercial sales.9

Until recently, solar cell research in the United States has
easily exceeded that of other nations combined. But the
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Reagan administration has reduced the U.S. research program
just as other 'countries are stepping up their efforts. France,
Italy, Japan, atid West GermanyWhich have collectively
more than doubled their budgets between 979 and 1982
have the strongest solar cell programs outside of North Amer-
ica. Spending approximately $30 million in 1982, Japan's budg-
et is(likely to pass that of the United States in just a few years.
Moile modest photovoltaics research work is under way in Aus-
tralia, Belg*.w, Brazil, Canada, China, England, India, Mex-
ico, the Netrerlands, the Soviet Union, Spain, and Sweden.10

Most of these countries are pursuing two or three promising
approaches to making solar cells qconomical, rather than taking
the U.S. approach of developing a whole array of technologies.
As a result, some European nations and Japan could soon take
the international lead in their specialties.

One of the most important and heavily funded photovoltaic
research frontiirs is manufacturing single-crystal silicon cells
more cheaply. The most conservative approach is to upgrade
and automate each .step of the 9rrent process. Attleast three
techniques now -being deveIop&I will cut by two-thirds the
costs of making high-grade silicon. Nevismethods for growing
the owstals andslicing the wafers are also being, pursued. Re-

. cently developed thousand-bladed saws that cut ultrathin waf-
ers reduce waste significantly. 'New automated methods of
assembling solar cells are also under scrutiny. Simply employing
already laboratory-prover-I Piocesses in more automated facto-
ries will cut photovoltaics costs by cloie to 50 percent in the
next few years, while raising efficiency to at least.15 percent.

More radical approaches to cost cutting include bypassing
both the crystal growing and slicing stages. Several companies
in the United States and one each in Japan and West Germany
are "growing" large sheets or "ribbons" of singlekrystal or
polycrystalline "silicon directly from liquified silicon. Compli-
cated, proprietary, and commercially inimature as the pro-
cesses are now, many industry observers expect them to claim

1 1
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a significant share of the solar cell market by.the late eighties."
Another solar ceIl technology with considerable potential is 4

the polyGrystalline silicon cell. Sliced from a large silicon ingot
that is produced through an inexpensive castin& process, these
cells can be made from a less pure and less.expeigive form of
s iliccin. One U.S. company began manufacturing such cells
commercially in 1942 and other firms in the United States and
West Germany have development efforts under way. Polycrys-L
talline solar cells are 'still comparatively inefficient, however, so
boostivg efficiency is a must if this technology is to be success-

. ful commercially.12
More research attention is being giVen the so-called "thin

) film" 'solar cells that can be made frOm amorphous silicon,
cadmium sulfide, and other inexpensixe materials. All thin-film
cells require only a small amount of material, which gives them
the potential advantage of lower cost. While other researchers
take exception, longtime photovoltaics specialist J. Richard
Burke claims that "the low-cost pot at the end of the rainbow
lies in the use of truly thin-film photovoltaic cells.".The hope
is that such a material can one day be produced in automated
facfories for a low costmuch as photographic film is today.
In the United States private industry and government have
aggressively developed cells made of amorphous silicon, which
is a disordered material resembling glass that can conduct
ctirrent well once 'II-Orogen is added to it.13

So far, the highest efficiency that has been achieved for
production-line amorphous silicon cells is 3 to 6 percent, and
at least 8 to io percent is needed for commekial success. To
boost cell efficiency, several U.S. and Japanese companies are
investing tens of millions of dollars. Already Japanese compa-
nies live blazed the way to a commercial market by manufac-
turing amorphous silicon cells with ,a modest efficiency and
using them in picket calculators and other low-power devices.
'By establishing the first commercial market for these cells, the
Japanese can employ larger 'manufacturing plants and thus

108
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further lowercosts, helping to lay the basis fo'r g vastly larger
'market in the futu4.14

Other types of thin-film solar cells are made of cadmium
sulfide and copper alloys. When they were first produced in the
fifties, these cells were so inefficient they were ignored. But
interest reVived in. the seventies when researchers discovered
that theseolaterials could be made into solar cells with efficien-

cies of over lo percent. Cadmium sulfide now appearstp be the
leading contender and may enter commercial prodUtion in
the next few years. Among the other thin-film materials being
examined pre gallium arsenide, indium phosphide, cadmium
telluride, and zinc indium dielenide. While none of these
substances can be dismissed entirely, some are outside bets
because they contain rare elements or present potential health
problems.15

Along with solar cell materials, concentrator systems for use
with photovoltaics are also being developed: Such devices can
increase the amount of solar energy striking a particular cell ten
to one thousand times, thus Offering the potential of prOdudng
relatively cheap solar power even without major advanco in
basic materials. (The efficiency of most solar cells actually in-
creases WI concentrated sunlight as long as the cells are kept
cool.) Often mechanical tracking devices are also used to main-
tain an optimal angle to the sun throughout the day. By using
inexpensive Fresnel lens concentrators, large areas can be cov-
ered for a reasonable cost. Indeed, the cheapest solar power yet
generated comes from some experimental concentrator sys-
tems. So far Italy andtheUnited States dominate the concen-
trator field, but a larqe commercial market will not develop
until the systems become more reliable.' One difficulty with
solar concentrators is that they Work poorly in cloudy or hazy
conditions where little focused sunlight is available, which may
limit them to sunny climates. Solar cells without concentrators,
on the other hand, perform quite well even what it is over-
cast's
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in a nutshell, the goal of most solar cell researcheriii to
achieve efficiencies of 12 tO 15 percent in cells that cost less
than a fifth Of what they do today. To this end, scientists have
developed cost-leduetion goals foi each component and set
tough deadlines foil reaching them. 'In bOth Japan and the
United States government program managers constantly moni-
tor progress and occasionally redirect rescarch to another, more
promising aspect of photovoltaics teclthology. The U.S. De-
partment of Energy price goals eitablished in the lae seventies
now 'appear unrealistically ambitious, but substantial cost re-
duction is nonetheless likely.17

Larger man ufactUring plants employidg more advanced and
less expensive processes are scheduled to come on line irt the
next few years. And intense competition for market shares will
tend to push prices down. Conventional.crystalline silicon cells,
together with ribbon growth and polycrystalline silicon cells,
will likely dominate the market for the rest of this decade,
though analysts differ asap., which -of these will be the most
sUccessful. Concentrators will probably be widely used in many
applications, particularly utility plants. Beyond 1990 amor-
phous silicon and other thin-film technologies likely will cap-
ture the largest share of the Market, pushing prices to new lows.

The photovoltaics market will evolve gradually rather than
in discrete stages and at each point there should be'a range of
technologies to choose fromeach with its specialized applica-
tions. Module prices will probably falr to approximately $3.per
watt (1980 ,dollars) by 1987 and to about $2 per watt by 11990.
At that price a total solar electric.system will cost' between $4
and $8 per watt and generate electricity at a cost of 130 to
3o0 per kilowatt-hour (as opposed to over $1 per kilowatt-hour
today). This is getting close to standard electricity prices in
many parts of the world, including Europe and Japan. Predic-
tions beyond the early nineties are difficult to make -since thei
are dependent on technologies barely beyond the laboratory
stage. But further. substantial cost reductions are likely since

11,u
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the photoyoltaics market will Ise large enough to attract big.
investments. Given the rising costs of most sources of electric-
ity, including coal and nuclear power, photovoltaics is fkely to
be a competitive electricity source in all but a few areaidf the
world by the mid-nineties.'4

Building an Industry

The photovoltaics industry is still a young one, with annual
sales revenues of, about $150 million in 1982. Approximately
sixty companies manufacture solar cells today, and over a hun-

\ .
dred more build components and support systems Three U.S.
firms had over half of the wortdwidemarket in 1980, but most
photovoltaccs companies are small,and,internatiOnal competi-
tiorris growing rapidly. Many firms subsist largely oh risk capi-
tal or government research programs, hoping to begin turning
a profit when their product improves. The pressing question for'
most is how to survive until the cost of photovoltaic's can
compete with the costs of conventional sources of electricity,
thus blowing the solar cell market wide open. Before this har-
vest, large investments are needed, along with bigger plants
and some means of disseminating the technology quickly Such
progress hinges, of course, on the strength of the industry.1P

Centered in France, Great Britain, Italy, japan, the United
States, and West Germany, the solar cell industry has always
stOod apart. horn other renewable energy industries. It is a
realm of three-piece suits and carefully crafted investment
plans. In Europe and Japan, established electronics giants such
as Sanyo, Sharp, and Siemens hold the industry in their hands,
but in the United States there is more diversity. Many small
companie§ have sprung up in the U.S., born of risk capital,
government research funds, and bright ideas. Solarex, the larg-

'est photovoltaics company in the world, was started from
scratch by a handful of young American scientists who largely
relied 'on venture capital.20
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Since the late seventies the solar cell industry has begun to
consolidate. Only a few strong companies remain in Europe
Ater a wave of mergers. And in the United States several large
'corporations have purchased a'sizable share of the most com-

,pettive solar cell firm's. No other renewable energy technology
has Prov4so attractive to large corporations, probably because
the poten6al market for photovoltaics is almost unlimited and
because only big.firms have sufficient investment capital. In-
deed, as of 1982 it cost an estimated $50 millton simply to
enter the industry.21 Oil companies in particular have.taken a
shjne to photovoltaics, and the tiny solar cell industry now
inollicles in its ranks such multinational behemoths as Atlantic
Richfield, British Petroleum, Exxon, and .Shell Oil.

The irony of these developments has not escaped those who
first advocated photovoltaics as a decentralized teChnology. Oil
companies noi, seem eager to get a putchase on every energy
sourte from uranium to solar power, and some watchdogs fear
that the oil companies inay intend to develop an energy mo-
nopoly and impede progress' in photovoltaics until the oil wells
run dry. Although such fears are understandable, they are prob-
ably overblown. The pace of photovoltaics development is un-
likely to be affected significantly by the state of the oil market,
and in any case there remains sufficient competition in photo-

, voltaics to. preclude a monopoly. Indeed, Morris Adelman of
the Massachusetts Institute of Technology believes that "the
notion that the energy giants, controlling the biggest part of
the manufacturing capacity in photovoltaics, Could set the
price artificially high to protect their other investments, is
unrealistic."22

The most serious charge against oil companies' involvement
in photovoltaics is that they tend to be hidebound and un-
imaginative and haste- little experience in this type of industry.
Small firms have made a disproportionate share of the world's
major industrial breakthroughs, and more small companies

'would likely speed the development of photOvoltaics. Yet too

1112
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many governments direct most of their research funding to
large corporations. True, the sizable investments needed make
it likely that large companies will in the long run dominate solar

. cell manufacturing. But small companies are well equipped to
play a pioneering role and later to retail, assemble, and install
solar power systems. -

Internationally, market competition is' a sure thing. Already
. mdre than half of the world's solar cells are exported, and each

major approach to developing photovoltaics is being explored
in more than one country; With exPOrts high and patent pro-
tection inherently weak, industry leadeuhip can change hands
rapidly. In the white heat of international competition, techno-
logical improvements and cost ?eductions will be spurred,

initially, its technical prowess and government financial
commitments gaye the United States a head start in the photo-
voltaics industry. BY the late seventies the U.S. was the.undis-
puted leader in virtually all solar cell tecluiologies: But by
focusing on fewer technologies, countries with smaller'research
budget§ are attaining a competitive poSition. Japan has already
moved to the "cutting edge" in amorphons silicon. Joint ven-
tures and international licensing agreement4 that allow firq in
'other countries to manufacture U.S.-diesighed solar cells are

, also speeding up the diffusion of solar-cell technology.23
Since knowledge of photovoltaics technology is already wide-

spread, marketing skills Will be as important as cell costs in
determining the industry's frontrunrArs. A particularly com-
petitive market will be that in the Third World. Firms in

- Europe and Wan will have a,natural advantage since they have
traditionattráding ties and experience selling thealiesel pumps,
generators, batteries, and other devices with which' photo-
voltaics Will be paired. More specifically, French firms have an
advantage in West Africa, West German.gompanies in parts
of Latin America, and Japanese firms in Southeast Asia. These
countries have incorporated solar-cell export drives ink; devel-
opment-assistance programs and worked hard to promote the

, ,113 '
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technol4y. In contrast, the lack of such programs in the
United States has some' industry leaders contKrned that the
U.S. will lose itAnternational market lead by the late eighties.
The likely heir would be Japan: whose Ministry of Interna-
tional Trade and Industry is devoting increasing funds to
photovoltaics and is eager to repeat successes like those earned
in the automobile and microelectronics industries.24

Still, no.one or two companies can dominate this market,
and international links between firms will blur the whole ques-
tion of international lcarders14._ As the world market grows,
high transportation costs will also force solar electric systems
manufacturers to fabricate at least some components locally. It
is possible, for instance, that the silicon, may be refined in one
country, the cells manufactured in a second, and the panels
assembled in a third. Already several developing countries have
nascent solar cell industries, assembling components iniported
from industrial countries as a prelude to manufacturing whole
systems domestically. Brazil, China,. India, Mexicä; ancf the
Philippines ar9.among the Third World nations that are likely
to lead the Ay in photovoltaics.

A Future for Solar Power

Perhaps no other energy teshnology his the versatility of solar
cells. David Morris of the Institute forlocal Self-Reliance in
the United States observes that "using the same energy source
sunlightand the same technolOgy, we could have e most
decentralized or the most centralized form of epr1ity gener-
ation in history."25 So far, though, ercial market for

"solar cells consists almost entirely of mini-scale electrical sys-
tems in rutalaaas. Most are coupled with batteries and provide
only enough power to operate a radio telephone or light a few
bulbs. Such systems are crucial, however, in providing reliable
communications in Papua New Guinea and lighting rescue
cabins in the Swiss Alps.

11 4
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According to many photooltaics anal) sts, the first large use
of solar cells will be in the Third World. On farms and in
illages there, the power currently supplied by sitall diesel
generators costs seeral timek.more than grid electricity Small
solar electric systems could economically pow er pumps, light-
,ing systems, agricultural equipment, refrigerators, and other
important devices. For refrigerfition or lighting, batteries 6r a

"backup power source willbe needed, but for many end uses the
. de ice can be left idle when the sun is not shining. As of 1980,

'photovoltaics is alreadycompetitive with diesel generators in
rural electricity applications of less than three kilowatq of,

ecapacity.26
Since.1978 the world's first village solar electric system, with

a capacity of 3.5 'kilowatts, has been operating on the Papago
Indian Reservation in tile U.S. Southwest. Since then, several
similar systems have been built in Africa an) Asia with funds
from European and American aid agencies. The largest center
of photovoltaics aaivity is West Africa, chere since the late
seenties France has been introducing solar-powered pumps
and other systems as part of its rural development programs.
One innoative efforkis to use.solar power to ultr -energy-
efficient televisions Rir educational uses Anoi er is t

f
provide

electricity for refrigeration of medicines at remote health cen-
ters.27

Within the developing world, interdt in solar electricity has
risen sharply iri, recent years. India's government is conducting
photovoltaics research,_fostering a domestic soli.; cell industry,
and sponsoring solar electric demorkstration projects. Pakistan
pimp to, introduce solar electricity in fourteen villages by 1984.
In both countries a market 'for small solar-powered pumps is
beginning to emerge.

By 1990 operating experience could combine with technical
improvements to make photovoltaics a nearly conventional
technology in the Third World. Crucial here will be additional
work on battery systems and other support technoldgies. For
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viflagers, the impact of even small amounts of electricity could
be revolutionary.. It could mean fresh well water, refrigeration
for storing food and medicine, and lights for reading and work-
ing at nightmodest amenities by industrial country standards
but godsends for many of the world's poor.28

Sorntwhat later, solar cells are likely to appear onerooftops
in cities and suburbs throughout the world. Liter houses with
s.olar water heaters, photovoltaics-equipped houses require a
southern exposure and rugged, longlasting materials. Light-
weight photovoltaic panels need selatively little structural sup-.
port, but they need more south-kcing roof space than collec:
tors do. (A typical 3-kilowatt residential solar electric system

. requires 30 squire meters of pane1s.)29
Although it will be easier to use photovoltaics on horts

specifically designed for their use, it appears that existing sub-
urban communities may be able to .get as much as,half of the
electricity they.need from solar cells. There are already approxi-
mately io,000 houses located in areas without power lines that \
have small (less than -kilowatt) direct current photovottaic-)
systems with batteries that meet essential needs. Providing
su ment power fa a tyPical motleph house is more difficult.

o keep rooftop photovoltaic systems from competing with
solar water heatprs and windows for south-side space 'and to
solve other engineering problems, architeas and engineers

Their focus is n making photovoltaic systems easier
have designed a few so r electric houses as demonstration

)projects.
and ch4aper to install and on integrating solarolegtricity\ with

passive solar architecture and the many other features
horgebuyers value. One U/S. company has developed a dual-
purpose Phbtovoltaic shingle. Another designer is actually
using specially-designe4d solar electric panels' as roofing. Al-
though the few iblar h6uses built so far "have sold for over
$zoo,000, these homes serve as a proving ground, allowing the
refinement of designs and support technologies in preparation
for the day when solar cells become cost-competitive."

1 6



Sunlighi to Electricity:The New Alchemy 103

Solar cells more than any other technology have the poten-
tial to decentralize electricity generation. In urban and subur-
ban areas.thousands of residential solar systems could be con-
nected to utility lines, doing away with the need for expeniive
battery storage. Solar homes could draw power from the grid
at sunless times and pay fen- it by selling excess electricity to the
utility when sunshine is plentiful. In sunny, dry areas where
peak electricity; demantl for air conditioning occurs when sun-
light is most intense, this arrangement could be a boon. Else-
where, only careful planning will make solar electric houses
economical for utilities and consumers.

nig prospect for decentralized electr4city generation tnot-
w ithstAnding, some utilities see in solar pdwer systems a chance
to make centrakzed generation more versatile. The idea, whicle,
many photoNoltaics researchers and industry leaders consider
practical, is to erect large arrays of solar cells (and perhaps
concentrators) in sunny areas and to integrate them with the
utility grid. Although solar cells themselves have no economies
of scale, photovoltaic systems do, especially the power-condi-
tioning equipment used for utility intercoonnection. Sdme re-
searchers believe that centralized solar4stems will be fhe first
major use for photovoltaics in industrial countries.

Only a few large photovoltaic systems have been built so far.
The largest is a 350-kilowatt system in Saudi Arabia that 'sup-
plies power fOr three villages and was funded t:sy the Saudi
Arabian and U.S. govevments. A larger i,000-kilowatt grid-
connected system is being built with fe0eral and state funds at
the Sacramento Municipal Utility District in California. A
similar project is under waY in Italy. And in 1982 the first
contract was signed for an entirely privately financed utility
photovOltaic systembetween ARCO Solar and Southern
California, Edison."

The most pie-in-the-sky way of harnessing solar electricity is
yia the "solar satellite." Several researchers in the, United
States have proposed placing large arrays of solar cells in sta-
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tionary orbit around the earth and using microwave transmit-
ters to comic the power to land-based # eeiver. Since sunlight
is more interise outside the atmosphere,,it iS theoretically possi-
ble to reap a great energy harvest in space. But even ardent
'advocates of this technology admit that it will be decades
befor e. launching such vast quantities of materials into orbit is
feasible. And skePtics question whether it will ever be economi-
cal considering the laige amoUnt of energy needed to overcome
gravity. More disturbing are the potential health and environ-
mental effects of a high-energy beam aimed at the tarth's
surface. Microave radiation causes health problems, and even-
ihe earth'sratthosphere could be 'altered. At any rate, no one
is banking On solar satellite research at the moment, and many
renewable energy advocates believe that the idea gives an aura.
of science fietiori io a technology ready for here-and-now use
.on earth.32

Assessing the worldwide potential for using solar photovol-
taic cells takes patience and imalination. Beyond the consider-
able.technical uncertainties are questions about intermediate
markets and the industry's strength during the critical mid- to
late-eigLIties, when solar cells will be.economically corivetiti6
only in areas without conventional sources of electriky. The
mid-nineties may be another stoiy; but that will depend on
major cost reductions in photovoltaics and on the price of
competing electricity sources. In the industrial countries elec-
tricity use is likely to grow only slowly in the nineties, but
substantial solar qell sales may icur as older power plants are
retired. A boom arket in the developing countriesparticu:
larly those that 4re industrializing rapidlyis a distinct possi-
bility as well.

Various forecasts of photovoltaics use have been made, all
of them based largely on guesswork. The goal of the U.S.
photovoltaics proem as formulated by Congress in 1978 is to
double the manufacture of solar cells each year so as to reach

,
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an annual output of 2,000 megaVVatts of cells by 1988 (250
times the 1982 total). The U.S. Department of Energy subse-
quently established a goal of obtaining i qua'drillion Btu's (just

over i exajoule) of energy from photovoltaics by the year 20Q0
This would require an installed capacity of over 5,0;000 mega-
watts, or about as much capacity as nuclear power has in the
Uhited States today. It is now clear that these early goals were
thigh, particularly considering:the limited funds the govern-
ment has devoted to achieving them. In Japan the goals that
have been established are mare conservative and realistic The
country aim's eventually to generate 29 percent of its electricity
using solar cells .placed mainly on rooftops, but most of this
growth, is tiot expected until the 19905.33 .

Worldwide trends are `even more uncertain, but tbe industry%

has advanCed far enough in the last few Years to narrow the
range of possibilities. There will likely be at least 1,000 mega-
watts of solar cells installed by 1990, a 'large portion of them
in developing countries. ljy the year 2000, the total will proba-

bl$, ratyge between 5,000 aud 20,000 megawatts, depending

both on the paimarof technological improvements and the level

of government support. Even the latter 'figure would provide

just 0.4 exajoules of energy, but much more rapid progress

seems likely after the turn of the century as the technology
,matures and many conventional power.plants reach retirement
age. By mid-century, solar electric systems-should be a common
rooftop appliance throughout the world and should provide

.perhaps 20 percent of the world's electricity. This would re-
quire a total capacity of around a million megawatts, installed

both onitooftops and at centralized power stations. The energy
contribution would approach 20 exajoules.34

Solar electric sytems are clearly among the brightest hopes

on the energy scene today. Their potential to provide inexpen-
sive, independent power to people and industries throughout
the world is far more important than their gross energy contri-

1ij
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bution. Thanks to advances being made in this seemingly ex- '
otic new technology, the living standards of hundreds elnil .
lions of people in developing countries can be significantly
raised in the next few decades. .
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_For most of human history, people have burned wood to cook 1

their food, stay warm, and light their environment. Even today,
it remains the world's most widely used renewable energy
source. Although deforestation and mounting population pres-
sures are constricting the wood supply, most of the wood
burned today is used much as it always has been. Only in the
industrial North, where rising oil prices have triggered a revival
of wood use for residential and inthistrial heat, have combus-
tion techniques advanced significantly.

As traditional uses grow, efforts to turn wood into electricity,
gas, and methanol are also getting under way. Realizing wood
alcohol's potential to power the transportation system will re-.

,
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quire Making wood burning more efficient and phasing out
some traditional demands for wood. Indeed, the world's forests
can meet rising needs for wood energy only if forest and wood-
lot management improves in rich and poor nations alike. By the
same token, if the health of the forests is neglected, the push
to get more energy froni wood we backfire, reducing the
forests' potential to provide lumber and paper as well as energV.

An Ancierd Fuel in .Crisis

Approximately 2 billion people reiy on biomass energy. While
animal wastes, crop residues, Ad draft animals . also supply
energy to the world's poor, wood is the principal source of

. energy for 8o percent of all people in developing areis, and half
the world cooks with wood. In Africa fuelwood meets 58 per-
cent of total energy demand. In Ethiopia, Neihl, Sudan, Thai-
land, and even oil-rich Nigeria, '90 percent of ,the poolation
depends on wooci. Even in larger towns and cities wood is used
in the form of charcoal,, which is lighter and cheaper to trans-
port than wood and burns smoke-free. In Thailand, for exam-
ple, almost half the wood used for fuel is first transformed to
charcoal.' . .

Dependence on wood reflects a lack of other options. Few
in rural areas can afford electricity even if it is available. In the
developing world only three out of twenty villages have elec-
tricity, while such fossil fuels as kerosene, butane, and propane
were pushed out Of the reach of many Third World faMilies
by the oil price increases of the seventies. According to an
expert' panel that advised the 1981 U.N. Conference on
New and Renewable Sources of Energy, more than ioo mil-
lion people cannot obtain even the firewood needed to meet
minimum needs, and another one billion people need more
than they can now get. By century's end over 2 billion people
will live in firewood-deficieni areas, primarily semiarid regions

. 'and highlands. (See Table 6. 1.) Today, the problem 'appeari
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most acute on the densely populated Indian subcontinent and
along the Sahara Desert's edge. In Latin America scarcities of
firewood and charcoal plague much of the Caribbean, Central
America, and the Andean highlands.2

Region

Table 6.1. Fuelwood Shortage in Developing'Countries

1980 2 000

Acute scarcity Deficit Acute scarcity Deficit

(millions of people affected)

Africa
Near East de North Atria
Asia Pacific.'
Latin America

Total

55 146 88 t447
104 268.
645 238 1532
104 30 ..523

999 356 2770

Source FAO, Report of the Technical Panel on Fuelwood and Charcoal to the U.N.
Conference on New 4nd Renewable Sources of Energy, Nairobi, August 1981

*Figure is not available

oilk
.

The fuelw risis stems fiorn the practice of ancient tradi-
tions in chang circumstances. Although deforestation is as
old as recorded history, today's fuelwood crisis has compira-
lively recent origins. The postwar burst in Population growth,
.thOaccelerated conversion of forest land into farmland, and the
increase in livestock herds have together pressed reniaining
woodlands inexorably. In short, firewood gathering exacerbates
already serious problems of deforestation.3 .

Commercial firewood prices have multiplied almoit every-
where over the last decade. In parts of India, West Africa, and
Central America, urban families spend one-quarter of their
income on wood or charcoal for cooking.- When firewood
becomes harder to find, people forego their nighttime fire or,
worse, their meal. Hard to quantify, the effects of scarcity and
high costs of firewood and charcoal are devastating by any
measure. . -

Most fuelwood never enters the marketplace, so a better

123
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indicator of scarcity is the iiine it takes to find wood. In central
Tanzania, providing a family's annuat firewood *requires be-
tween 250 and 300 days of labbr. In deforested parts of India,
it takes 2 dai,s to gather a week's wood. And in parts of Upper
Volta, women spend an average of four and a half. hours a day
hunting fdr firewood. Since the burden of firewood collection
almost always falls on women and children, critical but unpaid
household tasks such as nutrition, sanitation, and education
suffer. The costs of this mounting burden show up not in
conventional economic indicators, but in indices of infant mor-
tality, disease, and illiterac5,24 .. -

Fuelwood price rises and supply reductions are also limiting
the growth of small-scale industrial enterprises in many Third
World countries. Brick baking, tobaccoCuring, fish drying, and
cement making all depend heavily on wood. Although most
conntries devote only 2 tO 1 i percent of their fuelwood to suCh
processes, in many these activities represent the fastest-grow-
ing use for wood. In some cases Otical export industries de-
pend upon wood. Tanzania cures tobacco with wood, and
Thailand does the same with rubber. Yet in bath countries
wood is being cut at an unsustainable rate. Around one fishing
center in the Sahel region of Africa, where every year 40p00
tons of fish are dried using 13o,noo tons of wood, deforestation
extends ioo kilorneters.5

One way to check these trends in developing countries is to
make fuel burning more efficient. The open hearths over which
most Third World people cook are only 6'to 8 percent efficient.
By comparison, airtight stoves manufactured in the West are
30 to 8o percent efficient. While such stOves are far too expen-
'sive for developing-country residents to use, inexpeniive im-
provements over traditional open hearths (such as simple stoves
built from locally made bricks) can boost efficiency to 15 per-

)11cent, effectively halving a h usehold's wood needs. The Lorena
stove developed in Gnat ala costs between $5 and $15.
Molded- froin mud and sand and fitted with a metal damper

1 2 4
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and pipe, it is twice as efficient as the traditional stove it
displaces. The simple and cheap Junagadh stove developed in
India is reportedly 30 percent efficient.6

Several social and economic obstacles have kept simple cook
stoves from being widely accepted in any Third World coun-
try. One is the lighting property of an open fire. Another is its
social yalue. Then too, even though thick smoke from open
fires has been called poor people's smOg, it also repels insects
from the house and roof thatching. A major problem is ex-
pense. Many rural families canbot afford even the simplest. ,
stove.7

, To better rural firewood prospects at least a dozen develop-
ing countries have started programs to spread simple stoves
throughout rural villages. In Senegal an effort sponsored jointly
by France and the United States has encouraged over i ,000
villagers to build and use a Lorena-type stove, the Ban ak Sunf.
India has also mounted an ambitious effort to build cooking
stoves. The key to all such 'programs will be designing stoves
that alipeal to the village women who must operate and main-
tain them. Speed is alSo essential since new households are
forming far more quickly than cook stove use is increating.8

Another approach to conservirereWood is producing char-
coal more efficiently. In the most NNely used and least efficient
method, stacked wood covered with earth is allowed to smolder
in the absence of oxygen for several daysa process that wastes
75 to go pertent of the wood's energy. Switching to kilns made
of brick or steel illows the production of charcoal much more-
efficiently. But steel kilns are prohibitively expensive, so the
likeliest replacements in poor countries for highly inefficient
earth pits are brick kilns made from locally available clay.9

Besides burning wood more efficiently, wood-short countries
can make better use of -wood cut from lands being pressed into
agricultural and industrial use. In Tanzania, for example, to-
bacco farmeri clear one piece of land for crops and then cut
wood from another parcel to cure the harvest. Simply, storing
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the wood or making it into charcoal could drastically reduce the
amount of wood cut for tobacco production. Two heavy char-
coal users, Brazil and Sri Lanka, have learned to make full use
of felled trees. All the trees on 65,000 hectares of land sched-
uled to be flooded when-the Tucurui dam is finished in Brazil
are being cut for lumber exports and charcoal production be-
fore the floodgates close. In Sri Lanica, the Charlanka company
will use portable kilns to turn 25 million tons of wood residues
that would otherwise be wasted into charcoal for the cement
industry, which currently depends On imported _petroleum.
The Brazilian wood ,harvest will be a one-time affair, but the
Sri Larikans are planning to pfant 13,000 hectares of eucalyptus
to perpeivate charcoal supplies.10

The Return to Wood

Like the developing, countries today, Canada, the United
States, Europe, and Russia once depended almost exclusively
on wood. Augmented by human and animal power and a mod-
est amount of wind and water power,,Ivood formed the energy
basis of the New. and Old Worlds well into the nineteenth
century. Wood was used to cook and heat, and as charcoal, it
was used in metal smelting. Forests ;odd not meet the rising
demand, and these countries turned to coal."

Since the oil shock of j973, wood has come into a second
age. This revival has been most visible in the residential heating
market and the forest products industry in the United States
and Canada. Residential firewood use in the United States
more than doubled between 1972 and 1981, and the number
of homes heated entirely by wood has reached 4.5 million,
while another to million are partially heated with wood. In
Canada some 200,000 homes are heated solely with wood. New
England and eastern Canada lead the return to wood-stove use,
reflecting in part the region's great dependence on expensive
heating oil. (In 1981 half the homes,in northern New England
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were heated at least paytially with wood.) Other well-forested
regions are taking woZstovds more seriously, though where
winters are mild and cheap natural gas or hydroelectric power
plentiful the trend is less pronounced.12

In heavily forested parts of Europe and the Soviet Union,
wood is an important source of energy for residences. In
Austria,, for example, almost one-third of all homes meet some
part of their heating needs with wood. And in the USSR,
where fuelwood accounts for 20 percent-of the timber harvest,
at least one-quarter .,of the residences are wood,warmed. Be-
cause wood use was already high;coal reserve's abu,ndant, and
natural gas and electricity chea0, wood use in the Soviet Union
rose little during the seventies.13

The rekindled interest in wood stoves stems partly from
recent improvements in stove designs that have been around
for a century or more. Although its playful flames and glowing
embers may make it more aesthetically appealing than a wood
stove, an open hearth lets at least half the warmth of the fire
escape up the chimney, so the updraft actually draws cooler air
into the room. Airtight or brick stoves radiate far more heat
into the surrounding space than fireplaces do. At a cost of from

, $800 to $200o per unit, the Finnish or Russian brick sfove,
whicfi tr s hot gases so that the bricks absorb and rerldiate
more t, is reportedly oo percent efficient.14

Natu ally, the appeal of wood stoves for residential heating
depends on how much conventional fuels .and the wood itself
cost. Compared to a furnace that burns heating oil, a wood
stove in a well-forested area can save-a household hundreds of
dollars a yearmore if the members of the household collect
and cut their own firewood. The economic advantage of wood
stoves is less clear where low-priced natural gas is available.
More certain is wood's competitiveness with electricity. In

4 forested regions with electricity prices at or above the U.S.
national average of about 60 per kilowatt-hour, wood is eco-
nomic today.15
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Another factor affecting the use of wood as a residential fuel
is ease and convenience of handling. Alihough chopping, tarry-
ing, and loading wood is worthwhileeven invigoratingto
some, the convenience of electric, oil, or gas heating cannot be
discounted. One way to take the hard labor out of using wood
would be to glopt recently developed wood-fired furnaces
whose thermostatically controlled feeders automatically convey
wood pellets into th9 fire grates. Still, these probleins, along
with the difficulty land expense of transporting the wood4".
needed to heat even a thedium-sizea urban area, mean that
Wood will probably never be used widely% in cities.16

The residential wood-burning revival also poses serious
health and pollution-control challenges. Proper installation is
essential to safe use Of wood stoves sincehot stoves can cause
fires or emit harmful smoke into homes. Paradoxically, burning
wood by utilities and industry causes fewer problems than the
dispersed use of wood in small stoves because most large wood
boilers come equipped with pollution-control systems. Smoke
is an especially serious problem in valleys where temperature
inversions occur and smoke accuniulates. Although recent
studies indicate that, except for hydrocarbon particulates,
wood burning produces fewer pollutants than fossil fuel com-
bustion does, possible carcinogens have been found in wood
stove, smoke. In some areas, such as Vail, Colorado, so much
smoke from wood stoves has accumulated that theirlise has
been limited aw. Iron ' e more efficie irtig cast-
iron stov ow selling-to well gene e more ha d
ous orga c particles than traditiOnal open hearth fires do b
cause th stoves burn more slowly.17

Fortuna e y, new technology can alleviate the air-pollution
hazards of wood s ves. Dow Corning Corporation's "catalytic .
combuster," a $ loo device similar to a catalytic converter on
an auttmobile, burns off a stove's exhaust gases, thus increasing
the average stove's efficiency by zo to 30 percent, enough to
pay for itself. Although several major manufacturers plan to sell
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stoves-with the new catalytic combuster, government will have
to establish a wood stove tax credit or grant and require the use
of combusters to make sure these ,devices are used widely. By
offering such nditional incentives of 25 to 50 percent, gov-
ernments co d avert a growi4,pollution problem and place
wood stoves 16n an equal footing with heavily subsidized con-
ventional energy sources.18

New Uses for Wood

Wood is being put to many new uses, too. A growing-number,
of modern industries are turning to wood, and some utilities are
trying it out in electricity generation. Wood gasification is
again being used in agriculture, industry, and commerce. The
single most important new use for wood may be as methanol,
a liquid fuel that could one day edge gasoline out is the pre-

, ferred transportation fuel.
Rising fuel prices have triggered a. renaissance of industrial

wood use. Traditionally, industry used wood to generate steam
power, make charcoal, and smelt metal. As in bomes, wood's
use in industry declined during the era of cheap fossil fuels, but
has grown dramatically since 1973. In 1966 wood-fired boilers
represented a negligible percentage of total industrial boiler
sales in the United States. By 1975 they represented 5 percent,
of the total. As of 1980 more than 2,000 large industrial wood-
fired boilers were in use and many thousands more provided
energy for smaller'operations.19

Logically enough, the forest products industry has led indus-
try's return to wood. In the United States and Canada energy-
intensive pulp and paper plants consume more petroleum than
any other manufacturing industry. In the United States the
share of the industry's energy obtained from wood wastes has
risen to 5o percent. The largest single U.S. forest products

company, Weyerhaeuser, generates twb-thirds of itS energy
from wood and plans to become completely eneigy self-suffi-

.
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cient by 199o. In Western Eur Ope similar trends are in force.
The,giant Swedish pulp and paper industry derives 6o percent
of its energy from wood scrape and pulp residue. Studies by the
Swedish government indicate, the industry could become en-
ergy self-sufficient and sell excess cogeneratea electricity. In
Canada this trend has been assisted by the Forest Industry
Renewable Energy (FIRE) program, which will spend $288
million between 1979 and 1986 on industrial grants for con-
verting plants to run on wood fuel.2°

Several other inajor manufacturing facilities in heavily for-
ested rural areas have also switched from oil to wood: At Dow
Chemical Company's new industrial complex in Michigan, a
.wood boiler will provide 22.5 megawatts of power at less cost
than oil or gas. In North Carolina seven brick plants and six
textile mills have converted from gai to wood. Cost savings can
be drAmatic, as a Massachusetts firm discovered when its an-
nual fuel bill went from $720,00o for oil to $276,005 for
wood.21

Wood's role in industry is expanding partly because new
technologies cin gather and homogenize abundant wood resi-
dues and wastes. Instead of high-qliallty wood .logs, industry
can burn the bark, branches, and diseased trees left in the wake
of timber and pulp *rations. Energy-rich "pulping liquors,"
which otherwise pose a major disposal problem, can also be an
important source of industrial fuel. New truck-sized machine,s
shred trees into standard, matchbox-sized chips and shoot
them into waiting yaw. About 50 percent water, these heavy
chips are expensive to truck long distances, but their use makes
sense in well-wooded communities that do not have easy access
to oil or coal2

Another alternative is pelletized wood. Made from wood
waste bound together under heat and pressure, wood pellets
can be used directly in unmodified coal-fired furnaces. Denser
and drier than wood chips, they can* transported economi-
cally over greater distances.. In the Unlited States wood pellets
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currently cost "about as much as-coal but contain only half as
much heating value. Still, they are economical where there are
no railroads to bting coal in,cheaply. Pellets are also attractive
as an industrial fuel because they give off few pollutants whtn
burned.23

An older energy-conversion technolog making a comeback
is wood gasification. During World Wat II 700,000 automo-
biles, mainly in Europe, were powered by wood gasifiers. Un-
like the gas fermented from starches and sugars, wood gas is
made by hthting wood in the presence of only small quantities
,of air. Although this gas is not energy-rich enough to justify
piping long distances, it is well suited for use in gas or oil boilers
or in the diesel engines widely.nsed in developing countries.
Becaiise burning wood gas is considerably less polluting than
burning wood itself, wood gasifiers may become industry's first,
choice among wood-use ttchnologies. Several firms have begun
marketing wood gasifiers that provide energy at mughly the .
cost of price-controlled natural gas in the United States.24

Wood is also being used on a modest scale by utifities to
generate electricity. A dtility in heavily forested, sparsely popu-
-lated Vermont recently retrofitted two of its io-megawatt coal-
fired boilers to burn woOd chips. company is also building
a 50-megawatt plant that will burn 5 P00 tons of wood chips
a year to provide electricity for 20, homes. For fuel for the
furnace, machines will harvest and chip whole trees within a
seventyfive-mile radius of the plant. The $76-million facility
is expected to generate electricity zo percent more cheaply
than a comparable coal-fired plant can.25

By far.the most ambitious effort to use wood to generate
electricity is taking place in the Philippipes. Faced with an
oil-import bill that consumes over half the nation's foreign
exchange, the' Philippine government has embarked on a pra
,gram to build 300 megawatts of woo4-fired power plants in
remote areas of the country by 1985. To insure an adequate
supply of fuel, the National Electriffcation Administration pro-
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vides funding for groups of up to ten rural families to set up
plantations of fast-growing leucaenaa strategy that will re-
verse deforestation as well as provide energy.26

Wood's most important new use is likely to be as methancl,
a clean-burning liquid fuel that automubiles, trucks, and air-
craft can Use. Methanol can be produced from the cellulose in
wood or grasses, which is vastly more abundant than the sugary
and starchy feedstocks used to make the ethanol found in
alcoholic beverages and gasohol. Before 1930-virtually all meth-
anol was made from wood. During WOrld War II German
cars ran on methanol made from coal, while Brazil's automo-
bile fleet Tali dh methanol made from wood. Today most high
performance racing cars run on methanol. In 1980 almost all
the 1.4 billion -gallons of methanol produced worldwide were
made from natural gas and were used as an industrial chemical
rather than -as a fuel. In the future methanol may again be
produced frorq coal, which is easier and cheaper to do than
pnxlucing gasoline from coalthe goal of many synfuel pro-
grams.27

MethanoUs produced from wood through destructive distil-
lation in which wood heated in the presence of a little air
decomposes into charcoal, carbon dioxide, and hydrogen.
When pressurized in the presence of catalysts these gases be-
come a liquidmethanol. In contrast to ethanol production,
methanol production requires little energy from external
sources since heat is generated when the feedstock is gasified:28

Estimates of methanol production costs vary widely, but the
price of the feedstock is critical to all. According to the U.S.
Office of technology Assessment, wood costing $30 a ton can
be converted into methanol costing -$1.ko a gallon. Wherg
wood or wooci-wastes ire abundant, technology now for sale
can produce a gallon of methanol for between $1 and $1.25.
Adding taxes and transportation, methanol would probably
retail for between $1.5c and $2.00 a gallon. Since wood alcohol
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has only about .half the energy value of an Nuivalent amount
of gasoline, it is thus cost-competitive with gasoline that ccits
$3 or $4 a gallon.29 .

Although this technology is widely pooved and tested, re-
searchers in Brazil, Canada, the United States, and Frrce are
trying to improve significantly the efficiencies and economics
of methanol production. Scientists at the U.S. Solar Energy
Research Institute (SERI) have doubled the amount of me-
thanol obtained from a given .quantity of wood. The SERI
gasifier could probably produce, methanolltfor 7o0 to 8o0 a

'3,gallon. Researchers in gyazil report other methanol technolo
improvements that can educe methanol costs comparably. If
pilot-plant experience is duplicated in larger plants, methanol
from wood will compete with methanol produced frorrotatural
gas.3° .

Methanol has been.little used in transportation so far be-
cause it blends poorly with gasoline an'd readily corrodes rub-
ber, plastic, and some metal parts of standard internal combus-
tion engines. Accordingly, it has been necessary *to redesign
some engine parts, though if mass-produced these methanol-
tolerant engines would cost no more than gaso 'ne eligines. For
now methanol is being used only as a transpor 'on fuel in
"captive fleets" such as city buses or company cars that operate
in a circumscribed area and fill up at centralized locations.
Several extensive on-the-road tests in West Germany, Califor-
nia, and Brazil have demonstrated that methanol-tolerant en-
gines yerform at least as well as gasoline-powered ones.31 ,

Going beyond thesesimple modifications of conventional
engines for methanol use, engineers are also designing engines
particularly suited to methanol. The yord Motor Company
and the U.S. Solar Energy Research Institute have developed
a high-compression engine that dissociates methanol into hy-
drogen and carbon dioxide and achieves a fuel efficiency similar
to that of a gasoline engine despite the fact that methanol only
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has half the energy of gasoline. This new engine cduld in effect
eliminate the cost differential between gasoline and meth-
anol.32

The potential for replacing liquid petroleum products with
methanol in one heavily forested country, Canada, has been
examined in detail. According to a' government-spofisored
study, Canada could produce over 72 billion liters_of methanol
in the year z000, enough to completely replace tht 203 million
barrels of oil now used for transporation. Although a hybrid
natural gas-wood process would be most economical today,
cellulose becomes the rriost economical feedstock if natural gas
is priced at parity with oil. According to researchers the princi-
pal constraint upon such a strategy is demand relatedan
abundance 'of cheap natural gas and ample oil supplies.33

Realizing wood's energy potential fully, Of course, means
locating wood-using systems near wood supplies and keeping
sysTrem size down accordingly. Indeed, transporting wood be-
yonci fifty to one hundred miles becomes prohibitively expen-
sive, and a plant's size is dictated by the volume of nearby wood
even heavily forested areas can continuorisly fuel at most a
50-megawatt generator. For wood alcohol, 'new, small-scale,
units fill' an impoitant gap in the technology shim the large
plants that make methanol from natural gas and coal would
require too much, wood to be transported too far. International
Harvester hopes to market a package methanol plant with an
output of 6 million gallon a year, a tenth the skze of the typical
fossil-fuel methanol pl nt.' Factory assemb1I and trueked to
the site of use, these smaWp1fi will not entail high construc-
tion costs.34

A major constraint to greater wood 'use for methanol or by
industry and utilities is uncertainty about the future price and
availability of large supplies of wood. With transportation costs
the limiting factor, a sudden surge in local demand could
strand large users. As insurance many companies moving to
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wood fuel are building furnaces capable of burning both coal
and wood pellets."

Governments could help the methanol fuels industry
emerge quickly. For starters they could purchase fleets of meth-
anol-burning automobiles or offer incentives for large private
fleet owners to use methanol. California, for example, has
already offered to buy methanol-powered cars from Ford. Such
an assured market would give forest, proaucts companies the
incentive to build relatively small-sized methanol-from-wood
plants near existing paper plants and sawmills.36

A Gfovi,ing Resource in Stress

The rising demand for wood energy comes at a time when
forests are rapidly being cleared to make way for agricultural
land and when demand for timber and pulp is rising. Clearly,
new forest-management techniques and'policies will have to be
devised to meet demand without magnifying environmental
stresses. Yet large blocks of Virgin forest, the lands replanted
for the pulp and timber harvest, and poorly managed or defor-
ested lands, which together make up a quarter of the earth's
land surface, each hold surprisingly 8ifferent potentials for
stretching and saving the resource base.

The most economically sound way to increase wood energy
use without sacrificing traditional forest products is to remove
more logging wastes from commercial forests, andmore im-
portantto increase replanting and improve management on
small parcels of degraded forest land. In contrast, cutting re-
mote virgin fOrests or greatly intensifying the harvest from
commercial forest lands should be limited both on economic
and ecological grounds. Relying on the wrong forests for energy
could wreak far-reaching ecological. harm. .

Virgin forests in remote regions make up the biggest share
of the global forest inventory. But their potential as a source
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of wood energy is small. Tropical rain 'forests in the Amazon
fia§in, Central and West Africa, and Southeast Asia Are shrink-
in rapidly as trees are loted for timber. Refore-
station prospects in these areas are not bright since the trees
themselves, rather than the soil, contain much of the rain
forests' nutrients. While dispersed tropical populalions face no
fuelwood crisis, these remote expanses are being eyed by goy-

' ernment energy planners for large-scale energy schemes. Yet
caution is the watchword. No more biomass should be removed
from most of these lands for energY purposes until other pres-
sures wane and the ecology of tropical rain forests is better
understood.37

In the northern hemisphere the vast forests covering much
of the Soviet Union, northern Europe, Canada,and the United
States have actually expanded slightly over the last half century
as some farmland returned to forest. Although this resource is
vast, much of it is located far from potential markets. Then too,
forest regeneration in the thin soils and cold of Siberia, Alaska,
and northern Canad? can take up to a hundred years, nialcing
these forests practically nonrenewable.38

Commercial forest lands that supply lumber for contructioi
and pulp for paper making represent a more likely source of.
wood energy. The most readily available source of wood energy
is the vast quantity of branches, bark, and roots left in the waie
of lumber and pulp harvesting. Thus, the rising demand for
lumber and pulp could actually increase the amount of wOod
available for fuel by motivating forest managers to thin slow-
giowing,'"diseased, or otherwise unmarketable trees for use in
energy conversion. In the United States, the Office of Technol-
ogy Assessment estimates, wood containing the equivalent of
2.5 percent of U.S. annul energy use is left to rot or is burned
at bgging sites during lumber and pulp harvests. Were lumber

, and nplp consumption to double as projected for the year 2000;
the amount of wood cut but left unused in the nation's forests
would increase by 2.5 to 5 times.39

1
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At what env ironmental costs could these forest residues be
removed? And what would the benefits be? In the short-term,
clearing the land of dead limbs and branches improves some
wildlife habitats, reduces the outbreak of forest fires, and makes
tree planting easier. But over the long-term, soil productivity
Will suffer if the limbs, leaves, and roots that contain most of
the forest system's nutrients are removed. Where clear-cutting
is practiced, removing logging residues accelerates the erosion
of the topsoil upon which ill forest life depends.40

Removal of logging residues for energy use will clear the air
some. Currently, branches, leaves, and stumps of harvested
trees are often collected into piles and set on fire. Smoke from
these open air fires contributes heavily to air pollution in such
diverse locations 'as Malaysia, Colombia, the northwestern
United States, and eastern Canada. Compressed into pellets or
gasified, such logging residues could be cleanly and produc-
tively burned.

Removing dead trees and periodically clearing the brush
could make herbicides largelY unnecessary, too. As it is, timber
and pulp operations, particularly in the United States and
Canada, depend increasingly on the aerial spraying of herbi-
cides to kill species that compete with commercially valuable
species for light, soil, and water. What repeated herbicide
applications will do to forests, no one can say for sure. But
several widely used phenoxy herbicides (such as 2, 4, 5-T, and
.Silvex) are thought to cause cancer, birth, defects, and other
health problems in. people.41

As for productivity, intensifying silviculture on commercial
forest lands can expand the supply of lumber, fiber, and fuel.
Large pulp and paper companies have begun genetically
manipulating trees and Practicing short-rotation tree farming
to raise output. Scientists at Weyerhaeuser predict that tree
production could be doubled if the 'genetic techniques success-
fully employed in agric,plture are used. In another intensifica-
tion effort, U.S. Forest Selvice scientists-have increased wood

,
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yields of poplai three to five times beyond those of wild timber
stands by planting trees close together and harvesting them
when they start to interfere with the growth of adiacent.trees.
Sweden, whose forests are among th4 world's Most intensively
managed, hailaunched a broad investigation of machine-har-
vestable species that -grow rapidly and regenerate without re-

f?-.
Although most advanced tree farming is being one by tim-

ber and pulp coMpanies to Ripply their traditional markets,
foresters in several countries are also at work on fast-rotation
tree farming for energy. That-hoth groups ore at work is impor-
tant since timber and pulp-oriented silviculture is only partially
applicable to energy silviculture; The energy content of plants
is seldom rnallinized in the effott to increase fiber quality and
Wood strength.'"

Thsmost important constraint on the general prospects for,
enere plantations is cdst. If lumber and pulp sales are not
combined with fuelwood sales, harvesting even fast-growing
trees for fuel use is uneconomical. However, if mechanical
harvesters can be tailored to given species and if genetic
improvement continues, energy plantations Will become more
economic. But the calculation may be moot: As lumber and
paper grow more expensive, multiple-use silviculture becomes
more appealing still.'"

Another way to increase forest productivity is to plant high-
yielding exotic tree species. Indeed', to..accele.rate forest re-
growth, scientists , have searched, the earth for faster growing,
hardier, and more productive tree species. Among the several ,

dozen promising trees located, Eucalyptus is planted. most ,

wide)), throughout the world for fuelwood production. The
various species of Eucalyptusall native to Australiahave
adapted to environments as diverse as the cool highlands of the
Andes and the moist equatorial lowlands of Amazonia. Its
adaptability, drought resistance, rapid growth, and rdgenera-

, tive ability explain its popularity. In Brazil, where annual yield*
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average 12 tons per hectare, Eucalyptus is cultivated for char-
coal and for methanol production. There and elsewhere, Euca-
lyptus cultivation is likely to expand diamatically since manu-
facturing 3oo,000 gallons of methana a day, for example,
requires planting 72,000 hectares of Eucalyptus each year for
feedstock.45

Next in importance among the species with widespread po-
tential is the leucaena tree. Leucaenawith such regional ali-
ases as the Hawaiian giant, koe haole, or ipil-ipilis a native
Of Mexico. One of the world's fastest-growing trees, it can grow
zo meters tall in six years. A leucaena plantation can annually
yield up to 50 tons of per hectare, five times the average
of cultivated pin emperate regions. Leucaena's root
nodules also repleni with nitrogena boon in agro-
forestry schemes. In §eve outheast Asian countries, it pro-

' vides shade for coffee and cacao groves. In northern Australia,
leucaena is intercropped with pangola grass to make nutritious
'fixIdér for cattle."

Tree plantation sthemes do entail potentially high ecological
costs. The continuous reirjoval of trees chosen for fuel value
will probably deplete soil nutrients mine rapidly than tradi-
tional silviculture combined with residue removal does. In
short-cycle energy plantations, cutting takes place every five to
ten years (compared to thirty to one hundred years in tradi-
tional commercial forests). Then, too, while the mitrient drain
is minimal when stems and leaves are left on the ground, in
short-rotation energy plantations the younger and more miner-
al-rich trees are removed.47

Monocultural (one-species) forests also tend to, need extra
pesticides to combat the diseases and insects usually held in
check by the more complex ecology of natural forests. Mono-
culturakfuel plantations also fail to Trovide habitats for the
,thousands of plants and animals that inhabit natural forests.
Simply removing dead wood from forests takes its toll on the
lifces of owls and woodpeckers, the natural enemies of rodents
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and harmful insecis. Such birds nest in cavities of old or dam-
aged trees that are prime targets for woodchip machines and
for firewood scavengers. Southern Brazil's pine tree plantations

as. have been called "ornithological deserts" by FJelmut Sick, a
leading Brazilian bird authority.48,. ..

Both ecological and economic factors point toward the supe-
riority qf multiple-use, multiple-species forestry over one based
on monoculture. Much more research ig needed to design
forestry practices capable of meeting rising dernan'cls for tim-.
her, pulp, and energy on a sustainable basis. Until this knowl-
edge is obtained and put to use, energy should be extracted
from the world's virgin forests or tree plantations only cau-
tiously.

Reforesting the tarth

For the foreseeable future, the most important wood resource
challenge will be to plant trees and better manage forest lands
in populated areas. Both where firewood shortages loom and
Ohere wood use is rising, trees ale being cut but not replanted,
used but not cared for. In populated rural areas near markets,
soil erosion and flooding are the upshot. The failure to plant
and care for trees in these fertile lands stands as a major barrier
to the widespread use of wood fuel.

While economic and environmental forces limit the use of
remote virgin forests and commercial tree fauns, the barriers
to greater wood harvests cloier to home are social and political.
While many wilderness areas are publicly owned and large
corporations own most tree farms, ownership of those neg-
lected forests is distributed among millions of people,few of
whom see trees as an important resource and fewer of whom
have the skills to husband the forest. Where the landless poor
rely on wood, those who go to the expense of planting trees
have no assurance that they will ever harvest them. New insti-
tutionsvillage woodlots, forest-owner cooperatives, and tech-
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nical extension servicesare the keys to turping these ne-
glected lands into permanent wood fuel resources.

Before the fuelwood problem became widely recognized in
the 1'970s, many developing countries had forestry agencies
that managed forest lands and repfaced trees cut down for
timber and pulp uses. Traditioval forestry of this sort focused
on the commercial exploitation of the forests for export, not
on the wood needs of the rural poor. Some countries also
planted trees around villages where fuelwobd needs pressed
hardest. But with few exCeptions, these measures did not halt
the loss of woodlands. Newly planted trees seldom remaihed in
the ground long enough to mature. They were either torn from
the ground by desperate villagers and used for cooking or eaten
by livestock. Gradually, foresters realized that villagers had to
take part in tree-planting efforts if trees were eyer to take root.

oe Now traditional forestry practices are being supplemented by
"commugity forestry," which emphasizes village participation
in the planting of small woodlots to meet local fuel, forage, and
timber needs.49

Community forestry breaks with traditional "production for-
estry" by emphasizing the use cif trees for multiple purposes
and the. integration of tree growing with agriculture. Whereas
traditional forestry concentrates on monocultures and closed
forests, community forestry tackles chronic shortages of food,
fuel, and jobs. Yet this approach is not wholly modern. Inter-
cropping trees with crops is a traditional practice in some parts
of the Third World. In Malaysia and Indonesia tall trees valu-
able for wood are intercrOpped with coffee, tea, and spice
bushes that thrive in shade. In densely populated Java 81
percent of the fuelwood comes from trees planted on the
margins of agricultural land. Variants of agro-forestry include
the Combretum/rice culture in Southeast Asia, the giim Ara-
bic treefallow sYstem in Sudan and Ethiopia, and the coffee/-
laurel 'system used in Central America. Elsewhere, trees
planted along field boundaries, and irrigation channels break
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i the wind, and supply fuelwood. In some traditiona agro-fores-
try systeMs, trees and foed crops contribute essential nitrogen
to the soil."

Over the last decade community forestry has made a name
and place for itself. 'Dozens of national governments, interna-
tional assistance agencies, and appropriate technology groups
bave started reforestation schemes -with differing degees of
local participation, inagration'with agriculture, and employ-
ment of exotic species. Some ,such initiatives have enjoye4
complete suceess, others total failure. In any event, refersing
global deforestation means applying the lessons from these
programs on a vastly larger scale."

China and South Korea have most successfully mobilized
villagers to plant' and caxe for enough trees to make a differ-
ence. Despite admitted false starts and regional Setbacks, Chi-
nese officials tell visitors that tree cover in China has grown
from 5 percent in 1949 to 12.7 percent in 1978, an increase
of 72 million hectares. Outside observers with less information
but less reason to exaggerate estimate that between 30 and '6o
million hectares haveleen reforested. Either .way, the accom-
plishment is herculeana tribute to strong central political
support and mass mobilization of village communities.52

Smaller but more rapid and thorough has been South
Korea's reforestation effort. Before 1973 all attempts at refor-
estation had failed. Then a new approach emphasizing local

1 participation was launched. Village committees with locally
elected leaders were set up and charged with getting private

/ landowners to plant trees on their lands. Since 1976 some
40,000 hectares per year have been planted, and by 1980 one-
third of the national land area was covered with young trees.53

Village-based tree-planting efforts in India have been less
successful. In Gujarat an ambitious reforestation effort has met
with only partial success. By 1978 about 6,000 of the state's
17,000 kilometers of roads and canals were lined, with new
forests planTd by hired labor, but the state's attempts to imple-
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ment the social forestry goats set forth by the Indian govern-
ment in 1973 have been less rewarding. Efforts to establish
wood fuel lots in Africa have fared even more poorly deSpite
the critical shortage of firewood many African nations face. In
one World Bankfunded project to plant 5oo hectares of trees
in Niger, the villagers pulled the seedlings out and allowed
uncontrolled grazingin newly planted areas.54

Whether village woodlot programs work depends heavily on
how well the social structure works. In Korea and China the
difference between one villager's wealtb and another's usually
is small. In most Indian villages ea,ste and economic divisions
are great, and cross-caste cooperatjon is rare. ,

Land-ownership patterns also affect the success of village
woodlots in many areas. Semimigratory Nigerian tribes must
leave woodlots unsupervised 'much of the year Elsewhere, the
nationalization of Ind has weakened the villagers' sense of
responsibility for *the soil and their claim to the fruits of their
labor. In Tanzania, where the land became state-owned in
1963, farmers do not know if they will reap tree crops eight to
ten years hence. In Nepal the government denationalized some
forest lands once it became clear that,nationalization had con-
tributed to the abandonment of dillage woodlots. The reluc-
tance of Cujarat's villagers to use woodlots has been attributed
to uncertainties about who confrols, the village commons. The
central government directed the commons. to be used for wood-
lots, but villagers fear that thegovernment may authorize some
other use ,before the trees mature.55

The importance of social cohesion cannot be ignored in
village reforestation projects either. Although ahributing 'the
Chinese aid South Korean accomplishments to the "Confu-
cian tradifion" is simplistic, this explanation does contain an
element of truth. Tanzania's woallot program is modeled after
the Korean one, but tribal affiliations in Tanzania hinder com-
mon action for such a nontraditional activity as forestry. In
many wood-short areas of the Sabel, tribes have only recently,

143



130 Renewable Eneagy

and with great difficulty, given 'up pastoralism for sedentary
agriculture. In such communities social and cultural reorienta-
tionno matter h ifficultmay be necessary before wood-. ,
lots take root.5

Rising a reness of the fuelwood crisis in the developing
world has mbtiated a few national governments to act. India's
new fiVe-year p an for 1981-1985 cornmits 1.5 billion rupees
(about $165 million) to village energy plantations and biogas
units, a rise from almost nothing in the previous five-year plan.
These outlays are the first step in reaching India's goal for the
year 2000using biogas and fuelwood to replace all the oil
used to power pumps and agricultural machinery, 50 percent
of the kerosene used for cooking, and a quarter of the oil and
coal used to generate low to medium temperature heat in
industry. 57

The shift in emphasis toward forestry projects aimed at
fuelwood production, agro-forestry, and watershed protection.
has also been marked at the World Bank. Although it budgeted
almost nothing in the early 1970s for these aclivities the Bank
will loan about a billion dollars between 1980 and 1985. Far
more is needed to establish adequate village wood fuel schemes,
but the World Bank loans will launch critical efforts in various
nations and ,Climates.P3

Increased suppoit and attention;notWithstanding, r eforesta-
tion efforts in the deVeliipink world still lag.far behinddieed.
Experts who met in Rome in .10.1 to advise the United Na-
tions on world 'energy.,needs priijected that worldwide refore-
station efforts would have to increase by a factor of ten. The
group estimated that Afghanistan and Ethiopia needed to in-
creak yeplanting to fifty tirries-current levels; India, _fifteen`
times; and Nigeria, ten times. The Club' du Sahel estimates
that tree planting must increase in Africa's Sahel by fifty times
to meet the needs of people there over the next twenty yeirs.
Globally, the group called for.spending to dsiuble
ears to $1 billion-anntially, with roughly equal amounts corn-
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ing from theWorld Bank, bilateral aid, and developing coun-
tries themselves.59

In much of the Third World, extensive Planting could check
widespread and serious ecological problems. Floods and erosion
follow deforestation as day the night. Topsoil accumulates as
silt and mud in river beds, water overflows hanks, inundating
cities and fields. In 1981 severe flooding in China's Sichuan-
proiince left 753 people dead and 1.5 million..homeless
disturbing casualties of deforestation in the Yangtze River
basin's upper reaches. The accelerated sedimentation of reser-
voirs is also drasticallY shortening the useful lives of dozens of
dams in developing countriesseventeen in India alone.60

As in developing countries, the most impintant under-
utilized part of the wood resource base in the United States and
Canada is in the hands of small landowners. Currently, 58
percent of U.S. forestlands is owned by about 3' million small
private landholders, few of whom treat their trees as an

146,contimically significant resource. Moreover, smAl private
l2Wholdings are concentrated in the. East, where potential
markets are greatest and growth potential highest. Since the
averige forest parcel is shrinking-as old farms and estates are
broken up, few landholders could wrest enough profit from
wood sales to justify their duffing, selling, and replanting their
trees. Nor are many likely to remain owners long enough to
reap the benefits of investing in timber stand improvement.
According to a recent forest induftry estimate, only one 9ut of
nine privately owned acres of noninduStrial forest harvested in
the United States is being purposefully regenerated. Instead
the rising demand for wood fuel is taking its toll primarily on
poorly managed lands. In New England manrforest landown-
ers cut the wrong trees so as to makea quick profita surefire
recipe for a decline in productivity.61

In North AmeriCa the key to.maxirilizing fOrest productivity
may be creating forest cooperatives composed of private land-
holders who hire a pmfessional forester tci manage their lands
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and
t-
to oversee the thinning, cutting, and sale of wood fiom

many .contiguous forest parcels. So far, the 165 tree coopera-
tives operating in the U.S. have dramatically increased the
earnings and productivity of previously neglected lands.62

Another prototypical initiative with promise is the New
England Fuelwood Pilot Project. Under this two-year-old U.S.
Department of Agriculture program, landowners receive both
technical and financial help in evaluating tree stands, con-
structing access roads, and marking trees for cutting. Fot,a net
cost to government of $1.4 million, the program has Ittught
20,000 acies under better management and has displaced the
need for 20 barrels of fuel oil each year for every acre oi ,

forestland treated=some 400,000 barrels overall. Expanding
this program ,to cover all small private nd parcels would cost4a
less than $5o million a year, a bargain nsidering the payoff.63

..

The Wood Energy Prospect ,

Already high, wood energy use will almost certainly rise over
the next two decades. In industiial Countries the use of wood(
is likely to increase by about 5o percent by the year 2000 to
approximately io exajoules. Fuelwood use in developing coun-
tries will increase more slowly since demand is already pressing
against supply in many regions: Use will probably increase by
no more than one-third over the next twenty years to 38 ex-
ajoules. In all, global fuelwood use will reach 'around 48 ex-
ajoules in 2000, cotnpared to 35 exajoules today.64

The question more important than demand is supply. How
will a 40 percent increase be achieved? With extensive refore-
station, fuelwood use could continue upward after 2000, reach-
ing the global potential of over ioo exajoules by mid-century.
Without such prograMs, fuelwood use could plummet after the
year 2000 as the rtsource base begins to erode.

The brighter prospect, of course, is wise management. Prop-,
erly tended, commercial and'small forestlands could probably
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yield three times as much fuelwood without resorting to short-
rotation or to cutting virgin forests. Yet productivity must be
raised gradually. A sudden rise,in demand for wood for fuel
through crash programs to accelerate wood-to-methanol con-

..yersion or a boom in the use of inefficient wood stowcould
trigger widespread deforestation and send timber and pulp
prices soaring. And whether technological improvements in
tree breeding and a more sophisticated understanding of nutri-
ent cycles will allow further sustainable increases remains to be
seen.

These short-term imperatives to plant more trees coujd in
the years ahead be joined by a global environmental one. In-
creased use of wood for energy could take on added appeal as
the search for a tcinic to the carbon diOxide (CO2) released
from fossil fuels becomes more urgent Because trees absorb
CO2 and release oxygen, they are one of the few carbon sinks
humans can quickly alterimportant, since a net increase in
the standing stock of wood could slow down the "greenhouse
effect." PhySicist Freeman Dyson estimates that fast-growing
poplar planted over an area the size of. North America could
absorb enough CO2 to halve the annuat build-up. The green-
ing of Earth may thus emerge as a priority of governments
properly fearful of disruptive climatic change.65

How this wood is used will be as important as how much of
it is used and how it is obtained. A concerted effort is needed
to increase the efficiency with which wood is hurned, especially
in developing countries where the amount of usable energy
obtained from wood could be tripled by substituting wood
gasifiers, tharcoal, and efficient cook stoves for open fires. The
reservoir of energy literally going up in smoke in countless open
fires .is far greaterand more cheaply harnessablethan the
entire consumption of fossil fuels in many developing coun-
tries. Modernizihg, not replacing, wood use is a far more criti-
cal national goal for most developing countries than, the put,
chase of more nuclear power plants, oil refineries, or coal

.4t
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mines. Such modernization could take pressure Off dwindling
.forests and give reforestation a chance to catch up with de-
mand. The pull of markqt forces, the availability of credit for
small manufacturers and users, technical eitension anddemon-

: stration, and mass education campegns will all be needed to
accomplish this transformation of rural wood-burning prac-
tices.

By the same logic, wood should eventually be used in its /
most productive form, probably methanol. Even with improve-
ments in combuition efficiency, direct combustion is likely to
become relatively less economical for heating and electicity
generation than solar collectors or photovoltaics. And bloga4
and wood gas could replace wood in cooking and small indus,
try. Of course, the timing of the shift away from direct comhus-
tion, and toward the greater _use of liquid fuels will vary by
countri, and depend on haw fast oil prices increase, but will,
probably be under way.by the logos in most countries. Because
most developing countries use so little petroleum and use so
much wood inefficiently, they could make the shift to meth-
anottpowered transpdrtation systems first. These countries
have only small fleets of gasoline-burning automobiles to re-
trofit, and most of their trucks and buses burn diesel fuel,

which makes it easier to adjust them to use .methand.
The impact of such a strategy on the energy picture of one

developing country, India, reveals the strategy's potential. Ac-
cording to Amulya Reddy, if biogas digesters were used to meet
domestic cooking needs, some 130 million tons of wood cur-
rently burned for cooking could be converted into enough
methanol and wood gas to powef all trucks, buses, and irriga,
tion pumps in India. Since producing wood gas and charcoal
involves destructive distillation of woodthe first step in me-
thanol productionthese cleaner, more efficient forms of
wood use pave the way for methanol. And since two-thirds of
the oil, India imports is used in trucks and buses, the large
arrioUnts of money currently leaving the country to finance oil
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imports could be diVerted to the construction of methanol
plants.66

In some industrial nations, the prospects for a wood alcohol
strategy are also bright. While Europe, Japan, and Australia do
not have enough forestland to supply substantial quantities of

.wood energy, the United States, Canada, and the Soviet Union
do. The energy needs of the large automobile fleets in the
United 'States and Canada are gargantuan, but long-term po-
tential is also great. By 2020 these countries could derive as
much as 15 exajoules of wood energy in the form of methanol.

This ability to use wood alcohol to supplant increasingly
expensive petroleum links the problems of the rural and urban
sectors. Indeed, solving urban energy problems will require
transforming rural energy-use patterns. Efforts by some Third
World countries such as Brazil, Kenya,.or the Philippines to
ignore the subsistence sector's energy crisis and to produce
electricity or liquid fuels from wood could well exacerbate the
far more serious rural energy crisis and prove uneconomical to
bobt. As Gandhi said, the Third World will march into the
twentieth century on the back of a transformed rural sector or
not at all.

Despite wockl's potential to alleviate societies' dependence
on scarce petroleum, wood has been passed over in the energy
policy debates of the 197os. In the northern industrial coun-
tries the wood renaissance of the late 197os has gone largely
unnoticed by energy policy makers, most of whom omit wood

liom,national energy-use inventories. This myopia is particu-
larly startling in the United States where in 1980 wood sup-

'plied more energy than nticlear power, which has received $47
billion' in government subsidies. In the developing couhtries
national nlanners took note of wood only when the mismatch
between demand and supply gave rise to widespread hardship.
Today it is obvious to those who look that wood should be
front-and-center on the energy agenc18 of miny nations

. throughodt the world.67
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Growing Fuels: Energy
from Crops and Waste

,A. mong renewable energy. sources, fuels from plantsbio-
massmost defy generalizations. Beyond Wood, hun-

dreds of other diverse plant species can be converted to many
different energy forms using a variety of technologies. Some

biomass energy sources are as old as history, while technologies

for using :others are emerging at the frontiers of advanced
research. The technical 'feasibility, economics, and eriviroil-
mental,impacts of using some biomass resources are common
knowledge. A shroud of uncertainty, hangs over others.

In one way, though, all biomass sources are alike. None
needs expensive manmade collection systems to gather the
sun's energy or costly storage systems to compensate for the
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intermittent nature of solar radiation. Moreover, all are veisa-

tile. Biomass feedstocks can be processed into liquid, gaseous,

and solid fuels..
Widely used today, biomass energy promises to be even

more widely used in the iture. In the rural Third World,
wood, crop residues, and diing'are the major energy sources.
Urban refuse containing biomass supplies energy in many cit-

ies. And some energy supplies are obtained by converting waste
to methane and growing crops 'esPecially to produce alcohols

All energy contained in plants comes from the sun. Plants

convert about z percent of the energy in light into chemical

energy via photosynthesis. In photosynthesis ,plants absorb at-
mospheric carbon dioxide, free the oxygen, and build living

matter with the carbon. In the most biologically active i per-
cent of the earth's land area, plants every year captureand store
about 530 exajotiles of energy, '5o percent more than annual,
world energy use. This energy is the foundation of the food
chain that sustains life on earth. It can also be tapped for Other

human uses.1
How much of this eherg,y can be harnessed economicallyand

safely can be determined only by research and a close examina:
tion of the earth's biomass resources.

The Ethanol Booni

Theoil crisis of the 1970s friggered a global scrareble to find-

new sources of liquid transportation fuel for the more than 400
million cars, trucks, and tractors in use worldwide today. Sev-

eral governments began underwriting ethae7irduced from
corn and sugar &lops. The two" largest efforts, those in Brazil
and the United States, have concentrated on producing
ethanol to blend with gasoline and sell as "gasohol." (Ethanol

or ethyl alcohol is found in all alcoholic beverages. Attempt's
'to use pure ethanol and oil crops on a commercial scale are

afoot in several countries. Yet alcohol fuels contribute signifi-
, 'e
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candy to the energy supply equation in only i few nations.
Their wider use awaits improved economics, 'bore efficient
conversion techniques, and cheaper feedstoCks.2

The use of ethanol as a motor fuel is almost as oktas the
automobile itself Fearihg ansimpending oil sh'oi6ge and hop-
ing tb stimulate demand for farm products, a:utomobile pioneer
Henry Ford' promoied gasohol during the early twentieth cen-
tury During the Great Depression the Chemurgy Movement,
a group of scientists 'and farmers trying to buoy depressed
agricultural prices by developing industrial markets for crops, ,.

'also favored alcohol fuels..Use of ethanol as a gasoline extender
was widespreati in the U. S. Midwest, with more than 250
dealers of so-talled "Agrol" in Nebraska alone in t935. During
the 1930s and 19405 ethanol-gasoline blends were used in more
than forty countries, but falling prices and abundant petroleum
supplies wiped 'Out- the nascent alcohol fuels industry, after
World. War H.

The use of ethanol as a gasoline additive particularly appeals
to oil-importing nations because it can immediately reduce
gasoline consumption. Doing so requires no =for retooling of
the automobile engine, no new fuel-stora and distribution
system. Blending ethanol with gasoline also. maxim' es the
energy value of both fuels since ethanol boosts gasoline's oc-
tane level. Mixed with ga,soline, a gallon of ethanol provides
almost twice the energy that straight alcohol would.

Tart' of ethanol's appeal is the established character of al-
cohol-production echnologythe foundation of the alcohcilic
beverage induit . Ethanol (ethyl alcohol) is produced either
directly from gar by fermentation or from starches that are
first converted to sugar Sand then fermented. Ethanol can be ,

derived from three main categories of food crbps. sugar crops,
such as sugarcane, sugar b,eets, and sweet sorghum, root crops,
mainly cassava (manioc), and all major cereals. The cbst of the
feedstock is usually the largest cost in ethanol production.4

The prospect of substituting alcohol for petroleum has gen-

e
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crated intense debate about tbe "net energy balance" of corn-
alcohol production: Some critics of alcohol fuels argue that
producing alcohol requires more energy than the alcohol con-
tains. Part of the confusion arises from a failure to distinguish
between the energy yield and the liquid fuel yield. The U.S.

Department of Energy found that producing ioo Btu's of
ethanol from corn required io Btu:s-7-44 Btu's to grow the
coin and 65 Btu's to produce the alcohol from it. If the energy
value of the byproduct, distillers grain (a fermentation residue
that can be fed to livestock) is added in, there is a .slight net
energy gain of 5 iiercent. If alcohol is produced in an oil-fueled
distillery, however, there is no net gain in liquid fuel. But if the
distillery is powered by coal, wood, or solar energy, then at least
2.3 gallons of liquid fuel would be produced for every 'gallon
consumed. In short, only properly designed alcohol production
based on abundant solid fuels, waste heat or renewable re-
sources will displace liquid fuels from petroleum.5

Technological advances dould well improve the efficiency
and thus the economics of a1co1io1 production. By far the most
energy-intensive aspect of alcohol production involves separat-
ing alcohol fçon t water through distillation. The prospect of
using membra es tha permit the passage of alcohol.but not
water has exqitd alcohol scientists. 'Dr. Harry Gregor of Co-
lumbia University calculates that by using special plastic mem-
branes producers uld bring down the energy cost Of recover-
ing pure alcohol from fermentation liquids to about 0.6 percent
of the alcohol fueNalue. Other investigators-are exploring the
use of dessicants, solvents, and molecular sieves as alcohol
purifiers.6

Besides investigating new ways to improve traditional sugar--
to-ethanol teChnology, scientists are refining technologies to
convert cellulose intd ethanol. In principle, thiS is easy enough
since cellulose is nothing but complex sugars bound together
by a substance called lignin. Cracking lignin's hold on thes
sugars is not easy, however:One very inefficient chemical pro-
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cess, acid hydrolysis-, is used in fifty Soviet plants to conVert
wood chips into sugars that are fedto protein-rich microorgan-
isms that are in turn fed to cattle. Use Ot acid hydrolysis to
produce sugar for fermentation to alcohol is not currently lit
nomical, but would become so if conversion technologies were
improved. Other Cellulose-to-ethanol technologies employing

bacteria, viruses, and enzymes are being scrutinized by Brazil-
ian, American, and Canadian scientists.7

Among the counCrieS producing ethanol for fuel, Brazil is
the unquestioned leader. Forced taimport.85 percent of its oil, -

Brazil launched its akohol fuels program in 1975. The goal is
to attain ,self-sufficiency in automotive fuel by the century's
end. Between 1975 and 198o alcohol production leapt from
641 million liters to almost 4 billion liters (13 billion gallons),
and the number of alcohol distilleries jumped from 25 to 300.
Aided by goyernment subsidies and cheap loans for car pur-
chasers, the Brazilian subsidiary of Volkswagen produced over
2-60,000 automobiles designed to run on pure alcohol. In all,
over $z billion in government subsidies have been invested in
alcohol production and consumption, Much of it raised from
taxes on petroleum products. By 1985 Brazil hopes to be,pro-
ducing 10.7 billion liters of fuel. alcoholA

Although the primary goal of the Brazilian alcohol fuels Olan
is to reduce oil imports, the government also hopes that the

,program will create jobs, reduce the flow of people to the cities,
improve income distribution, and promOte a more regionally
balanced economy. According to World pank estimates, the
program will create. about 450,000 job's 'between 1980 ,and

,I989. A sore point, however, is that the plantation-style c-ultiva-
Hon of sugarcabe and tbe construction of large distilleries may
have exacerbated alreidy unconseionable income disparities in

, many rural areas. (Brazil'i richest fifth haethirty-six times more
income than the poorest fifth.)9

Brazil's alcohol fuels program.could also drive up food prices.'
Accor4hg to a 1975 World Bank study one-third of all Brazil-
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ians have barely adequate nutrition. If Brazil were to achieve
self-sufficiency in automotive fuels through sugarcane alcohol
production, 2 percent of Braiil (an area halE as lirge as all

cultivated cropland "in the country) woilldiiave to be planted
in sugarcane. Producing io:7 hillion liters ol alcohol by 1985
will require the eqUivalent of io Percent of Bra' zil's cropland.
Already at leist 6o.o,000 acres once devoted to rice, wheat, and
paitures have been planted in sugarcane.1°

Brazil's alcohol fuels program also faces economic problems.
Originally intended to-raise depressed sugar prices and export
eamirrgs, the _program may in one sense have succeeded. By
generating new demand it brought sugar prices up from $20o
per ton in 1975 to ardund $800 in early 1981. At 'this price,
exporting sugar and buying oil makes moie economic sense
than producing,alcohol to displace imported oil.I.1

Another factor at Play in Brazil's alcohol fuels venture is
pollutiOn. For every liter of alcohol produced, Brazil's distiller-
iercreale 13 liters of "swill," a toxic organic pollutant. If Brazil
meets its 1985 ethanol goal, distilleries will produce 35 billion
gallons of swill, double- the amount of sewage Brazirs 126

people produce. Because _substantial irivestment in
treatment facilities may be needed to av-okl severe watetollu:
tion, many experts doubt that Brazil can reach the ambitious _

11985. 041.12 , .

Brazil's government jas alreidy apProved eriough distillery
prOjecis to produde 8.3 billion liters Of alcohol, but will there
be enough sugarcane to...support production at thai leVel? As, of
1980, 2.5 million hectares of sugarcane were under tUltivation,

but-4.5 million iriort will be needed, to meet the 1985 goal.13
The United States also has been driven by heavy depen-

dence on foreign oil to-embark upon In 'ambitious alcohol fuels
program.. In 1978 every gallon of gasohol containing alCohol
from nonpetrOleum sources was declared exempt from-the 40
federal gasoline excise tax: Twenty-two g.ates also partially or
wholly exernPled gasohol from state gasoline taxes. In some the
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combination of federal apd state tax incentives exceeds $r per
gallon for alcohol used as automotive fuel. In 1980 President
carter, announced a goal of producing two billion gallons of
ethanol by 1985. Congress then took the initiative a step far-
ther, proclaiming a goal of ro billion gallons by 1990. If the
1990 goal is met, alcohol will account for just under ro per-
cent of the 1 ro billion gallons of gasoline consumed in the
U.S. in 1980, a quantum increase from the less than roo mil-
lion gallons of alcohol produced in 1979. By late 1980
some 2,500 retail dealers 'were selling gasohol. In 1974 none
did.14

The U.S. alcohol fuels program has centered on corn:based
ethanol, largely because corn is so abundant and the farm lobby
is so powerful. The U.S. farm community sees ethanol fuel as
a way to increase demand for corn and, hence; corn prices. Yet
corn has other highly valued-uses and represents only a tiny
share of the U.S. biomass potential. According to U.S. Office
of Technology Assessment estimates, ethanol from all grains
probably cannot supply 'more than 6 percent of the biomass
energy potentially available in 2000. Yet ethanol from corn has
absorbed well over half the federal funds earmarked for energy-
to-biomass projects.15

Growing interest in -alcohol -fuels in the U.S. has kindled a
lively debate over the relative efficiencies of small on-farm and
large centril plalt production of alcohol. Large plants seeni
best suited to make the final,,highly energy-intensive distilla-

,) tion of i 60- or 180-proof hydrous (water-laden),alcohA into the
200-proof waterless variety blended with gasoline. But trans-
-porting enough feedstocks for large plants is expensive, and
mammoth operations are vulnerable to drought-induced short-

, ages and high prices. Smaller On-farm plants could handle the
initial processing, but unfortunately the principal alcohol sub-
sidyexemption from the federal gasoline.excise taxis avail-

. able only to fanners who sell their product on the market.
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Some 95 percent of fuel ethanol produced in 1980 thus came
from six companies, and thousands of on-farm producers, got
no federal subsidy for their efforts.16

,If the Brazilian alcohol fuels program threatens the)looc-1

supply of Brazil's Poor, the U.S. program could send the prices
of grain and grain-fed meat up all over the world. Since mid-
century, the U.S. and Canada have increasingly dominated the
.world grain market. 'While distillers grain is a protein-rich
cattle feed, the feed market can absorb only so much of this
byProducf. Then too, most of the corn's calories are lost in
alcohol production. Economist Fred Sanderson of the Brook-
ings Institution predicts that ethanol production above 4 bil-
lion gallons a year will drive up corn prices. If gasoline prices
in the United States reach $3 a gallon, as they have already in
many countries, distillers could afford to pay.$6 per bushel for
corn without subsidies and credits. At these prices, U.S. corn
a.staple of human consumption in some parts of the world
and a source of animal feed in many otherswould more than
double in price.17

bi:pite ifs immense popularity in the corn belt, grain-based
gasohol is unlikely to radically alter the U.S. liquid fuels pic-
ture. Long before gasoline price increases Make large-scale use
of ethanol attractive without federal subsidies, demand for
gasoline is likely to plummet due to conservation. For the
foreseeable future, investments in redueing fuel Te will be
cheaper than new fuels. The overriding facf is that current U.S.
coniumption of liquid transportation fuels is too large to be put
orla sustainable basis.18

Long-term prospects for.the Brazilian gasohol program are
considerably better sincesBrazil can produce more but needs
less liquid fuel than the tinitea 'States does. (See Table 7-1.)
Furthermok, Brazil has substintial quantities of un*tivated
land, whereas the United States does not. But in neither coun-
try can the prospects for the present goals be described as
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.

bright. In both, using diverse feedstocks and improving pro-
duction efficiency holds the key to longer-term success.

TAap 7. 1. Gasohol Prospects.

:980 fuel 1985 goal, 1980 total 1985 goal as
alcohol alcohol gasoline percentage of,'

, production production use 1980 gasoline use

Brazil 1.3

(billion gallons) (percent)

5
United States .250 2 100 2

10 5 o

Source: Worldwatch Institute from U.S. and Brazilian govendocuments.

Exploiting a Many-Sided Resource Base

The limited longer-term prospects for the Brazilian and Ameri-
can ethanol-froM-sugar and ethanol-from-corn programs have
stimuleted'a thorough search for better energy crops. The ideal
one would grow 'well on marginal land, require little energy or
capital for conversion, thrive ;without fertilizers, and protect
the soil from erosiiin. While research in this area is unsys-
tematic and underfunded, a surprising number of promising
plants have been found. Among them are cassava, Jerusalem

artichokes, cocOnuts, and sunflower seeds. Researeh efforts are
also under way to determine whether some crops can be grown
on arid Ian , in waterwaYs, and in the oceans.

In this ru h the environmental stresses from the la'rgelcale
cultivation à& any one species cannot be ignored, Thus, no
single ideal energy crop has been or is likely to be found.
instead, energy farming will have to rely upon a much more
diverse plant base than contemporary agriculture does.

With sugar prices rising, Brazil has already begUn to _use
cassava as an alternative feedstock for alcohol fuels. Unlike
sugarcane, cassava can be grown on marginally productive land,
of which Brazil hes plenty, and stored in tropical clima,tes
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without decaying rapidly. &Aar's advantage over cassava, how-
ever, is the ease with which the cane waste (bagasse) can be
burned to distill the fermented alcohol. More important, cas-
savi'is a staple in the diet of poor Brazilians, so diverting it to ,

energy production could reduce food supplies.19
Researchers in several nations have identified plant oils that;,

can substitute directly for petroleum-based diesel'fuel. A boon
is that such' vegetable and palm oils are ready for use without
energy-intensive distillation. Simple and inexpensive crushers
alone .can fun sorrie oil-bearing seeds into fuels for on-farm
use.20

Brazil's effothto replace gasoline with ethanol has been so
successful that the diesel fuel needs of Brazil's large truck fleet
now account for one-third of Brazirs oil use. Consequently,
Brazil hopes by 1985 to plant 4 million acres with dende palms
the oil of which can be mixed with diesel fuel or used alone
in conventional diesel engines with minor modificationsto
meet io percent of the country's diesel fuel needs. The success
of this plan, is far from assured, however, since large-scale
cultivation of the dende palm has never been attempted and
the trees take five years to mature.21.

Efforts are under way in North Dakota and South 'Africa to
use sunflower seed oil in diesel engines. South African farmers
and the North Dakota State Extension Service have success-
fully tested sunflower seed oil in farm equipment, and studies
inaicate that corn' farmers could power all their farm equip-
ment with oil grown on lo percent of the land they cultivate,.
A selling point is that sunflowers can be grown on 'poor land
with minimal amounts of water. A drawback is pricetoday
sunflower oil costs roughly twice as much as diesel fuel.22

The Philippines is successfully substituting coconut oil for
diesel fuel. Cocodiesel, as the one-tenth coconut oil mixture is
called, burns well in standard diesel engines, though start-up in
cooler weather is sometimes a problem. In all, cocodiesel is

,
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ideally suited fot use- in ships, factories, and trucks-. Because
almost a third of the country's people depend on coconut oil
for a living and the world price has dropped, the government
is eager to boost coconut oil prices. As with corn in the U.S.
and sugar in Brazil, the cocodiesel program is an attempt t6
boost agricultural income by creating a new market for farm
products.23

Grasses also hold considerable potential as liquid fuel feed-
stocks. Although grasses are needed to support meat- and milk-
producing animals, they can be grown on marginal soils with
few energy inputs and harvested without destroying all ground
cover. Like wood, they can be gasified. or converted to meth-
anol for use in crop dryers and irrigation pumps. Grasses also
add nitrogen to th soil, so a wisestrategy would be to intercrop
'them with' hutrie t-depleting food crops. According to the
U.S. Office of Te nologY Assessment, an estimated 1.4 to 2.9
exajoules of energy in the near-term and 5.3 exajoules by 2000
could be produced from grasses.24 -

The search for suitable biomass feedstocks has also focused
on crops that grow on arid land. Some desert plants contain
complex hydrocarbons almost identical to crude oil, and they
do not have to be fermented to yield usable energy. Along with,
the jojoba bean and the copaiba tree, Ihe gopherweeda vari:
ety of milkweed that grows wild in the American Southwest
has attracted the most interest. University of Arizona scientists
have found that one acre of gopherWeed can annually produce
nine barrels of oil, a yield that plant breeders expect to increase
to at least twenty barrels per acre at a cost of about $20 per'
barrel. Jack Johnson, director of arid lands studies at the univer-
sity, estimates that gopherweed farms three times the size of
Arizona's current agricultural acreage would require no more
water than farthing now takes and could meet all tit state's
liquid fuel needs. For the millions living in poverty on the
world's arid lands, the gopherweed could provide badly needed
income and employment.25
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Anottier strategy for producing fuels from biomass is to mix
new energy crops with traditional food craps. Using land for
such multiple purposes7called polyculturecould over the
long term reduce food-fuel competition and enhance soil pro-
tection. This will mean turning to agro-forestry techniques
such as those increasingly employed in developing countries. In
tlie United States a good agro-forestry bet is the honeylocust,
a leguminous tree that grows well in various climates and on
rocky or easily eroded land. In Alabama one acre of trees has
yielded 8,500 pounds of pods each year with a sugar content
of up to 39 percent. Other energy crops can be grown under
honeylocusts. Another intriguing prospect is the mesquite tree,
which produces sugar-rich pods as well as wood in dry regions
of Mexico and the U.S. Southwest.26

Besides using the output of the world's crop and forest lands
for energy, sunlight falling on the earth's waters can be, col-
lected for human use by various fast-growing plants. Two ex-
iraordinarily proljfic aquatic plants, the water hyacinth and
ocean kelp, have tantalized researchers with the prospect of
turning lakes and oceans into biomass energy plantations. Al-
though aquaculture and mariculture are still infant sciences,
the long-term prospects for harvesting aquatie plants for energy
are great since these plants do not compete with food crops for
ferfile land, fresh water, and fertilizers. Water hyacinths can
convert polluting sewage wastes into protein-rich biomass even
as they'generate energy, and kelp and other seaweeds have long
been used for food and chemicals in Asia.

Yet, aquatic plant cultiyation is no surefire economic propo-
sition. Scientists estimate that a kelp farm covering 46,000
square kilometersp area the size of Connecticutwould be
needed to, produce as much methane as the United States now
uses, and while estimates of the cost of methane from kelp are
still slieculativel it is sure to be several times higher than cur-

. rent natural Os prices. Since kelp beds attract and sustain
luxuriant fish populations, kelp's energy contribution may be
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part of integrated ocean aquaculture ventures producing sea-
food, 'energy, chemicals, and animal feeds.27

A fiist step in,harnessing new biomass energy sources would
be inventorying the earth's plant resources and their potential
as energy produc,ers. Of the hundreds of thousands of plant
species on earth, only a few dozen are cultivated for food or
fiber. Why assume the best food crops are also the best eneigy
crops? Surveys of plants suitable for fast-growing firewood culti-
vation conducted by the U.S. National Academy of Sciences
have located several underutilized species. Especially needed
are inventories of tropical plants, since rain forest destruction
threatens the survival orThany unexaMined species.28

Plant-breeding technologies sucCessfully employed on food
crops may also be capable of improving the energy yield of
plants. In the United States, for instance, the per-acre yield of ,.

corn has been increased from 30 to loo bushels in the past fifty
.years. But such yield increases cannot occur without a diverse
genetic base, so the need for new energy sources is another
reason to preserve the earth's threatened genetic resources.29

Recently developed techniques of gene splicing may also
increase the energy productivity of plants. Instead of merely
selecting and concentrating genetic information found natu-
rally in a given species, recombinant DNA techniques will
enable scientists to transfer the genes of one plant species to
another, creating an entirely new.speci6i or endowing an exist-
ing species with new characteristics. Genetic engineering is
still a budding science, but it could well revolutionize biomasS-
energy prospects. Of course caution is required since an error
could have such severe environmental consequences.30

Agricultural Wastes: The Forgotten Asset

Most people view organic wastes from plants, animals, and
humans as a nuisance. I3ut such wastes contain enough energy
to alter the energy, picture in many agricultural areas. Where
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firewood, is in short supply, animal wastes and crop residues are
already being burned extensively to cook food and provide
warmth. In India cow dung and crop residues account for io
percent of the country's total energy supply and 5o percent of
rural household energy. On a worldwide basis'it is estimated
that cow dung and crop residues supply the energy equivalent
of 257 million metric tons of coal-2 percent of total world
energy use.31

This gift of nature has its price. In many areas of the Third
World soil quality and the productivity of agriculture Sre being
undermined as more people turn to organic wastes for fuel.
When crop and animal wastes are burned, mdst of their fertil-
izer value is lost, depriving the soil of nutrients needed to
sustain plant life. In Bangladesh, where rice straw is being.
diverted from cattlefeed to stoves, fewer cattle can be sup-
ported so less manure is left on the ground to fertilize the soil.
Worldwide, the use of livestock droppings as fuel is estimated
to lower annual grain production by some 20 million tons,
enough food to minimally nourish loo million people.32

Fortunately, a simple biomass-conversion technology, the
biogas digesthr, opens the way for developing nations to in-
crease the energy value of rural agricultural wastes without
incurring heavy costs. Cut down to basics, the biogas digester
consists of an airtight pit or container lined with brick or steel.
Wastes put into this container are fermented anaerobically
(without oxygen) into a methane-rich gas of use in cooking,
lighting, and electrical generation. The residue makes an excel-
lent fertilizer, too. If they had biogas digesters, the rural poor
would no longer have to confront the Hobson's choice of
deciding between .today's cooking fuel and tomorrow's soil
fertility.33

By converting organic wastes into biogas, developing coin .
tries could simultaneously meet pressing needs for jobs, fertil-
izer, andienergy. V. V. Bhatt of the World Bank estimates that
in India 26,160 biogas digesters could praduce as much fertil:
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,izer as a large coal-fired fertilizer factory, at roughly the same
cost. The biogas digesters would provide 130,750 jobs; the
coal-fired plant 1,000. The digesters would yield as Much en-
ergy as a 250-megawatt power plant, while the coal-fired fertil-
izer factory would consume enough fuel to run a 35-megawatt
plant.34

Another benefit of the biogas option is:that biogas fermenta-
tion can prevent 'the spread (Sf schistosomiasis and other dis-
eases carried by human wastes since it kills the pathogens
wastes contain. Digesters can..produce enough valuable gas to
defray the costs of latrines and water pipes, and they cad
reduce the odors that make latrine use unsavory for those who
have long used the bush instead. Unfortunately, development-
investment decisions are made by agencies with only one. goal
in mind. Too often, therefore, only one bird, is killed with the
stone of scarce capital -resources.35

Biogas technology does' have its share of bugs and break-
downs. Fermentatipn tends to stop in cold weather, and adding
insulation SQ fermentation can go on year-round in cold cli-
mates adds to.,the cost of the systems. Another problem is
keeping detergents; pesticides, and air out of the digesters. In
all, though, the skills needed tobuild and operate a digester are
considerably less than those needed to operate a diesel pump
or a motorcycle.

,

The most important constraints to greater biogas use are
social. Traditional taboos and customs concerning animal_ and
human waste disposal are powerful disincentives. In 1mic
countries prohibitions against c6ming into contact with svine
limit the use of abundant animal wastes. In sub-Saharan frica
a taboo against handling wastes in general works again t the

, 'adoption of biogas technology. In China, by contrast, the ong-
established practice of collecting "night soil" for ferti
made introducing biogas units simple.36

Another thorn is that unless equity concerns attendlechnol-
ogy transfer, bingo units can actually harm the rural poor, ind
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_exacerbate the ecological .problems poverty creates. In India
, the promotion of household rather than village-sized biogas

digester's in rural areas has often worsened the plight of the very
poor, who cannot afford single-family unit and yet depend
upon dung collected_from the streets for c king fuel 'When
the' more affluent animal-owning villagers bu "gobar" units,

.as the Indians call biogas digesters, ng fro their animals
bedomes a ralued resource no longer shared. ith the poorest
of the poor. Denied access to free dung, the destitute forage

,more firewood, thus worsening deforestation and soil erosion.
COmmunity-sized digestersinto which the very poor could
put scavenged biomass in'return for access to common cooking
and wtshing facilitieswould alldiate both problems.37

Thespotential to use biogas digesters in many Third World
countries ii. great, but only China has applied the digesters
widely. Chinese leaders began promoting the use of simple
biogas digester& to cOmbat rampant deforestation caused by
firewood use, declining soil fertility restating from burning crop
residues,.and prvasive rural air pollution from cooking fires. So
far the Chinese have built 7 million biogas digestersenough
to meet the energy needs of 35 million people. Altogether,
Chinese biogas digesters produce the energy equivalent of 22
million tons of hard coal. The government's goal of 70 million
digesters by 1985 could be met since 70 percent of China's
biogas digesters are located in Sichuan, and many other Chi-
nese proVinces hae equal or.greater potential for tire use of
biogas.. Although the present Chinese leadership has decided,
that many small-sae rural projects are inefficient, support for'
biogas still runs high. Despite these pluses, Chin -watcher,
Vaclav Smil doubts that the 1985 goal wel be m .38

China's formula for success has two eletrients. e is the
mobilization of local labor and the Use of local materials. The
other is.an aggressive government effort to transfer technology
from universities and laboratories to the rural areas where 8o
percent of all Chinek live. Some 200,000 Chinese villagers
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haye attended one-month training courses on the essentials of
digester technology a-nd then returned hdrne -to supervise con-
struction and teach others.39

Use of biogas generators in India has a long, checkered
histoty. Since the late 1940s, the Khadi Village Commission,
a government group attempting to implement Gandhi's ideas
aboUt village industry, has helped install over 75,00:9, biogas
generators. But India does not have as many pigs as China
a key fact since pig wastes are easier to collect than those of
roaming\cowsand the Indian digester (made of steel) costs
too much for the average Indian villager. Then too, rpair and
maintenance skills are scarce in Indian villages. Today only
about half of the biogas digesters built in India are operating.',"3

Throughout -the rest of the Third World interest in biogas
technology is growing. The 1980 U.N. Industrial Development
Organization Conference on biogas technology held in Beijing.
drew participants from twenty-seven nations: The Colombo
Declaration of the Economic and,Social Council for Asia and '
the ,Pacific endorses biogas as a priority development technol-
ogy. India's five:year plan cails for building 500,000 additional
digesters. According to the Indian Planning Corritnission,
India generateS enough wastes to operate 19 million family-
sized units and 5.6o,000 community:sized plantsenough to
cut electricity consumption by 44 percent, coal use by 15
percent; and firewood by 79 percent. Small but grOwing pro-
grams are also under way in Nepal and Indonesia, where fire-
wood shortages are particularly acute. Brazil's'agricultural ex-
tension agency is reportedly redirecting, resources so as to
disseminate knowrhow to millions of people on the fringes of
the monetary economy.4'

Opportunities for generating biogas from animal wastes in
the' industrialized nations are limited primarily to large dairy
farms and feedlots where wastes are concentrated and pollution
has beensa problem. In the United States the Mason-Dixon
Dairy Farm annually converts 2.7 million tons of manure from
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700 cows into $30,000 worth of gas. In the Philippines Maya
Farms (the largest pig farm in Asia) gets all its power from
methane generated by 15,000 pigs.42

The economics of feedlot conversion depends heavily on
how much byproduct protein can be recovered from manure.
Therefore,,,Aing protein and natural gas prices will strengthen
the alreadyTavorable economics in the years ahead. If all the
waste from the 13 4 million head of cattle in feedlots in the
United States were converted to biogas, enough energy to heat
a million homes could be produced annually. This contribution
would not substantially alter the national energy picture, but
it could help the agricultural system become self-sufficient in
energy.43

Another potentially significant source of energy from agri-
cultural wastes is in the food-processing industry. Sugar refiner-
ies, animal slaughterhouses, canneries, and citrus processors
generate mountains and lakes of otherwise troublesome.wastes.
These wastes can be burned directly, decomposed into biogas,
or converted into alcohols. The economics of such waste-to-
energy projects depends on such factors as the avoided cost, of
environmentally sound disposal, the,volume of waste, the mois-
ture ,content of the organic matter, and the market for the
energy produced. By U.S. Department of Energy reckoning,
four-fifths of U.S. agricultural processing wastes could be
economically converted into half a billion gallons of fuel-grade
ethanol each year.44

Detailed studies of the waste-to-energy potential point to
regionally significant energy sources. Feasibility studies con-
ducted by the State of New York Energy Office indicate that
2 5 millidn gallons of ethanol could.be produced from the
billion pounds of whey generated by the state's cheese industry
eaCh year, Opportunities in the sugar industry are even greater.
On the island of Hawaii sugarcane waste provides all energy for

/iIgtion ,and cane processing, as well as over 40 percent of the
electrici he 82,000 islanders use. Studies of the Nicaraguan

6
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sugar industry's waste indicate that between 26 and 35'percent
,

of the nation's electricity supply could be provided using stan-
dard waste-processing fechnOlogy.45

Energy from Urban Wastes,
(

Not all of the bounty in refuse is found in rural areas. 'Much
of the biological outOut of the worlb forests, farms, and fisher-
ies ends up in city dumps. In faet, an average ton of urban
refuse contains about as much,nergy as 500 poundfof coal.
And every Year the average American throws away 1,400
pounds of trash, the average West German, i ,000 pounds. (See
Table 7.2.)46

Area

- Table 7. 2. Energy Potential_ of Urban Waste

Urban refuse Energy potential

Oiiited States
Western Europe
USSR & Eastern Europe
japan
Developing countries

(million tons per year) (exajoules)

160 1.9
130 .1.3
90 .5
70. .3

too' 1.1

Source. Worldwatch Institute estimates based on U N, and World Banksources

. --

In some urban areas finding environmentally sound dispos4I
methods for voluminous Wastes has become a major headache,
ev.en a crisis. Burying, burning, or dumping them at sea creates
serious land-, air-, and water:pollution problems. Some cities
have boxed themselves in with garbage. New Yori, faced with
tlie problem of disposing of 2.2poo tont of refuse a day, has no
-niore land on whith to bury it:47 ,

Wastes do nof have to be wasted. Attempts to derive energy
-from waste should take a back seat to (ecycling effortswhich
alwais save more energy.,Prasticspaper, and compostable .

organic wastes. should be burned only ai a last resort. And

5.
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of course, separating nonflammable glass and metals from
utban waste improves the performance of waste-to-energy
plants."

Europe and japan have done by far the most to utilize the
enerd potential of urban wastes. In 1977 only 6 of the i62
municipal waste-to-energy plants in operation were located
outside of Western Europe And japan:Munich derives 1.8,

percent of its electricity from garbage. Three huge plant.s in the
Paris metropolitan area burn 1.7 million tons of waste per year
to produce the energy equivalent of 480,000 barrels of oil. Tiny
Luxembourg and Denmark are the world leaders in using urban
waste for energy, with over half their total waste, converted tO
heat or electricity. japan has more planth (85) and more in-
stalled capacity than any other country. In japan and EurOpe

' most waste-to-energy plSnts are cogenerators, serving district
heating systems and providing electricity:49

The widespread tise of urban waste to produce energy in
several European nations and jaPark predates the oil crisis. The
population density of these countries makes converting produc-
tiNe farm and fotest land into landfills and .waste dumps an
unaffordable luxury. Nor can the countries afford surface
dumpsthat leach dangerous chemicals intO the water tables
and waterways, poisoning fish and fish-eaters. The Germans
had produced electricity from a municipal incinerator-as early
as 1896, but the waste-to-power trend gained_moinentum in
the 196os with the realization that generating electricity with
hot incinerator' gases cooled the gas, enabling air-pollution
control systems to work effectively.50

The United States 'has the largest potential for turning mu-
nicipal wastes into energy. By 199o, the Q.S. Department of
Energy, estimates, 200 million tons of solid waste arid 15 anil-
liOn tons ei sewage solids will be generated each year in the
United Statesenough to produce more than two exajoules of
energy. Yet waste-to-energy technology ha& found limited ap-
plication in the United States because open-land dumPs have
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few environmental controls. MUnicipal waste-to-energy sys-
tems are economical only where governments stuck with refuse

.
pay owners of such plants a "tipOng fee" roughly equal to the
cost of alternative means of disposal. One of the few successful
plants in the U.S.the Revco Plant in Saugus, Massachusetts
employs European technology to produce steam and elec-
tricity and depends for half its operating revenue upOn a "tip-
ping fee" equal to the cost of environmentally sound dis-
posal.51

Still skirting the environmental challenges of landfills, the-
United States has nevertheless pioneered various advanced
technologies designed to convert waste into liquid or gaseous
fuel. Unfortunately, applying space-age technolOgy to waste
dispoial problems does not necessarily solve them. As a rule,
the most expensive and complicated plants have failed most
miserably, partly because waste containing everything. from '
cans of flammable liquids to discarded motors is hard on com-
plex machinery. In Baltimore, Maryland, a plant opened in
1974 to convert a thousand tons of garbage per day into gas
through pyrolysis has never worked more than eighteen days
without breaking down. Periodically ravaged by exploding gar-
bage, it runs at about half capacity, millions of dollars in repairs
notwithstanding.52

In retrospect the failure of 'the ambitious Baltimore project
Can be laid to trying to do too many tasks at onee arid attempt-
ing to do with expensive machines what people do better.
Instead of employing proven European technology-that simply
burns a relatively homogeneous waste stream that is usually
separated in households and businesses, U.S. engineers hoped
to turn a more varied wastS stream into commercial-grade

,,,... .

fuels.53
The barrierts to turning urban wastes into an energy source

are for the most part institutional. Solid waste disposal costs
U.S. towns and cities over $4 billion a yearonly'schools cost
more. Yet most local governments are financially strapped and
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reluctant to spend money on unfamiliar projects. On the other
hand, 4 private investor would have to have ironclad assurancei
of the right to the garbage, an ample tipping fee, and a guaran-
teed Market for the steam and power produced,. Without those
three Otlises, no. such venture could work."

Existing industries that use steam and electricity would ap-
pear to be 1 ical builders of waste-to-energy plants. But few
are, large enou h to use all a plant's output, and selling power
to utilities is c mplicated and difficult. Electric utilities have
also been rel ctant to build waste-to-energy systems, in part
because the optimajly sized 1,00o-ton-per-day plant produces
far less power than \the plant; they use now.. In Europe and
Japan special municipal authorities have been granted the pow-
ers needed to get around these obstacles.55

Although most Third World city dwellers are poor and gen-
erate little combustible waStc, the urban elites of these cities
produce nearly as much waste as their Western counterparts
do. The waste problem in many Third World citiesin Cairo,
for exampleis reduced because the poor niake a business of
recycling things discarded by the rich. Still, extensive underem-
ployment in such cities means that no capital-intensive waste-
to-energy plants should be built before recycling opportunities
are exhausted; Building plants could worsen the plight of those
who derive a livingeven a precarious, unsanitary oneby
picking through mountains-- of urban refuse. Indeed, when 30
of the 400 garbage-piled acres of Mexico City's Meyehualco
dump caught fire in 1980, planners rejected the idea of build-
.ing a modern energy-producing incinerator because doing so
would have deprived five thousand scavengers of their liveli-
hood. Mexico City's dilemma underscores the general threat
to the poor posed by biomass and waste-to-energy systems that
give co,mmercial value to wastes that the poor depend upon but
do not own.56

Although burning wastes in plants to ,extrad energy is 'more:
environmentally sound than open dumping and burning,.
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waste-to-energy plants have their share of environmental prob-

lems. Urban wastes contain plastics, metal foild and coatings,
and chemicals that form noxious gases when burned. One plant
in Hempstead, New York, employing simple European waste-
to-energy- technology had to be closed tempoiarily when deadly
dioxin was discovered ip its emissions. Burning wastes at high
temperatures and using electiostatic precipitators can reduce

...harniful emissions, but such technologiesare ;lever completely
effective. Then, too, residual ash from the plants is tygically
filled with heavy metals that must be handled as a hazardous
wasteOverall, burning waste is more environmentally trouble--
some thin recycling, but less sb than duinping.57

Energy can alio be drawn from urban wastes that have
already been buried inlandfills. As_ organic, wastes in airless
underground cavities drcay, they release methane that can be
collected by inserting pipes into covered landfills. In the
United States fourteen such Piped _plants, most of them in

1 California, are already opeiating. The world's first landfill
methane-recovery system was built in Palos Verdes, California,

in 1975. Currently, it meets the energy needs of 3,500 homes.
This energy sourceis a now-or-never proposition since methane
from landfills .is lost if not tapped.58

Anolher, potentially impoftant source of urban energy is"
methane from sewage-treatment plants. In Delhi, India, 700
people recently switched "from kerosene and charcoal to biogas-

produced from one of the city's large sewage-processing plants.
If all the wastes from the city were thus processed, experts say,
zo percent of the household energy needs in the city could be
met. In many urban areas, however, biogas production in sew-
age-treatment facilities is declining today because mixing in-
dustrial wastes with municipal Waste kills methane-producing
bacteria. The way out, -some cities are. finding, is to force

industries to pretreat wastes:59
Despite the many institutional and soCial problems that

plague their use, municipaT waste-to-energy lants are well
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match41 to the energy needs of ciiies. Unlike coal and nutlear
plants:far-flu:4 beCause of pollution djia safety fa' ctors, waste-
to-energy plants can be located near fuel suppliq and near
customers. BY cogenerating electricitY and steam for space
heating, waste-to-energy plants get twice as much usable en-
ergy from fuel as do typical coal or nuclear plants.

Promise and Peril: The Plant Power Prospect
-

Realizing the energy potential of biOmass without' s'acrificing
other values requires sequencing biomass-developinent efforts

. carefully. The first step 'is to put pregent biomass uses on a
sustainable base, simultaneously maximizing existing resources
and laying the groundwork for more intensive exploitation in
the future. ,Separating and recycling mudicipal.waste, convert-
ing animal and human waste, to methane, ind brewing alcohol
from spoiled croPs can turn environmental liabilities into en-
ergy assets without further distressing the agriculture resotirce
base. By substituting less-polluting, more efficient end-use
technologies for direct combustion, this approach also allevi-
ates 'environmental press-tires. This first phase of biomass use
will see industries, fai-ms, and whole regions become less depen-
dent oneven independent ofconventional energy sources.

In poorer rural areas where agricultural wastes are already
highly valued and used, this approach is especially apt. In
ecologically overtaxed countries biomass shortages and the con-
straints caused by falling soil fertility bar open-ended develop-
ment. Yet burning less and returning more to the soilthe
ideal optionis not realislic considering how many people
depend on such wastes for energy. Thus, particularly where it
is warm, the widespread use of biogas digesters makes most

, sense. China could have at least ioo million digesters in place
by zodo, and the rest of the Third World another 200 million.
,These 300 million digesters mild produce z to 3 exajoules of
energy each yearless than 1 percent of world energy use but

4.%
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a critical i percent to a billion poor people with small but
pressing energy needs.6.0

The goal ior farms should not be to sell energy commercially,
hut to attain energy self-sufficiedey. Although agricultinal re-
form in response to the new energy era has barely begun,
large-scale energy plantations modeled after today's agriculture
are clearly not the answer. Mixed cropping and agro-forestry
schemes that yield food, fiber, forage, and fuel while protecting
the soil seem more appropriateand more likelyto meet the
future's multipledemands.

The rush in .the 1970s into the large-scale production of
liquid fuels based on food-crop monocultures represented a
wrong turn. The Brazilian and American ethanol programs
caused enviionmental, equity, and nutritional problems, and
evert the economics of this all-or-nothing approach remains in
question. Relying upon monocultural farming when these prac-
tices are themselves being rendered questionable by rising en-
ergy costs, soil erosion, and overdependence on synthetic fertil-
izers simply does mot make sense. -

The biological energy source receiving most attention
ethanol from sugar or copnprobably will not become a major
factor in the energy picture until development programs have
been redirected. Only countries with a surplus of quality agri-
cultural land will get large quantities of energy from fond crops.
Even Brazil will probably find that its land can be put to better
use than growing sugar for ethanol. The brightest immediate
prospects are a modest output of biogas from large feedlots,
ethanol from spoiled crops ahd wastei, and possibly seed oils
for on-farm diesel substitution. Alone these fuels will not color
the overall energy picture; but they will help agriculture and
food processing begin the switch from fossil fuel use.

Off-farm agricultural processing industries will also move
toward energy self-sufficiency by using organic wastes to tiro-
duce energy. However, as the prices of liquid fuels rise, some
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companies may sell alcohol and use some other renewable
energy sourceperhaps direct solar or geothermal heatto
meet their own energy needs.

Municipal solid waste will also make a growing contribution
to urban energy supplies. Already enough energy to heat and
cool mer 2 million buildings is pqduced annually in this way.
With the spread of simple refu -cornbustion technology to
large cities in North America and the Third World, urban
waste's energy contribution could triple. Methane plants that
process.treated sewage supply domestic cooking energy in some
warm countries now, but in colder climates they will probably
not contribute much more than the power needed to run
sewage-treatment plants. Methane from landfills will provide
a Natuable local enety supplement for a ftw decades in some
areas. Nowhere for the foreseeable future will advanced waste-
to-fuel plants shed their experimental status. Far more impor-
tant than perfecting these technologies will be putting more
sophisticated source-separation and recycling systems into ac-
tion. In the longer term, directly burning garbagelike di-

- rectly burning wo0tnay not be worth the price.
How long the land can provide energy as well as food and

fiber IT/ilfdeptrid on how systematically nutrients from waste
streams in cities are returned to the soit. Adding more chemical
fertilizers is not enough to check the accelerated depletion of
soil nutrients that occurs in waste removal and energy farming.'
Produced from natural gas, 'nitrogen fertilizer has become
much more expensive in reeent years, a fact affecting the
economics of energy farming on even the most well-watered
and sun-drenched lands. Even where economical, widespread
fertilizer use poses ern ironmental problems ranging from the
difficult-to-controLpollution of water supplies with nitrates to
the poorly understood destruction of microorganiims in the
soil. Developing countries in particular will be hard-pressed to
meet additional fertilizer needs.61
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Maintaining the land's long-term productivity will probably
require returning ash and sludge to the land, a practice seldotn
followed now. Typically, such wastes are instead ,buried or
dumped in the ocean. One concern is that such wastes contain
toxic organic chemicals and heavy metals that can concentrate
in plant tissue in health-threatening quantities. Indeed, New
York City (which must daily dispose of 8,3oo tons of smelly,
viscous, black sludge) found its efforts to spread sludge on 1.
forest and farmland thwarted because this "goo" contained
high concentrations of cadmium, a heavy metal associated With
kidney and liver disease. Until such toxic substances are con-
trolled at their source, wastes will cobtinue tO be disposal prob-
lenis instead of tonics to farm and forest.62

dnly after these steps' haVe been taken can biomass provide
energy for other sectors. Only then ean biomass-derived fuels
move ont6 the center stage of the world energy scene to help
meet liquid fuel needs. Once they are energy self-sufficient
themselves, farms may begin "exporting" energy io industry
and transportation systems that need high-quality, concen-
trated fuels. Then, energy plantations on marginal lands and
mixed-Crop farms will be able to supply small and mid-sized
industrial plants with feedstocks for liquid fuel conversion.

Given the enormous environmental impact biomass energy
systems can have, environmental planning must occur before
investments are sunk. If the usual pattern of choosing asourse
and suffering the consequences later is followed, human health
and the global carrying capacity will decline. Making the right
decisions and implementing them effectively will demand a
new kind of interdisciplinary 'decision making. For that to
happen, a solid base of information and the political will to
stand firm against the narrow goals of entrenched constituen-
cies ate fieeded.

While biomass energy hoids varied opportunities and risks
for all couutries, one ,generalization holds true: Utilizing bio-
mass resources without paying careful attention to the ecosys-

fl
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tems from which they spring, the food and fiber resource sys- .

terns they can disrupt, and tte social systems they are to 'serve
is a recipe for disaster. But if these caveats are heeded, hope
for biomass and biomass itself could spring eternal.

4,
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Rivers of Energy.

Whether harnessed by a wooden waterwheel on a tiny
stream in Nepal or by a hundred-ton steel dynamo At Aswan
on the mighty. Nile, all hydropower comes from the ceaseless
cycle of evaporation, rainfall, and runoff set in motion by the
sun's heat and the earth's pull. BY harnessing water returning
to the sea, waterwheels and turbines make this natural and
endlessly renewable energy useful.

Froni falling water comes one-quarter of the world's electric-
ity. Among renewable energy sources, only woo'd makes a larger
contribution. No other renewable energy technology is as ma-
ture. Yet several times the amount already harnessed remains
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.
untapped Developing this potential will require constructing
large dams in the Third World and in the 'peripheral regions
of industrial countries, -as well ps small dams eiTrywhere:
Whole 'economies could be built around hydropower if the
environmental problems, political disputes, and financial un-
Certainties surrounding its -use Acre overcome.1

The Power of Falyng Water

HittoriCally, hydropower's de has been shaped more by social

. and political conditions than by the availability of hydro-tech-
nology. In theearliest reference to hydropower, the Creek poet

ntipater praised .the watet-powerect gristmill for freeing
C ek women from the labor of grinding grain by hand. The
R mans had waterwheels, but first slavery and then widespread
uidernpIoyment removed any inc ntive'to save human labor.

. ,
Only after war and famine ravage the disintegrating ROman
eMpire and tfie Blac ague kil _d a third of .fourteenth-cen-

,tury Europe's population Jabor-saving water -mills come. .

into wider use. By i800 tend of thousands were in use through-
out the 'Continent.2 . . ,

As primitive hydropower technology spread, so did social ,
dislocation and conflict. Comfortable with traditional hand
grinders, small farMers resisted bringing their corn to village
Mills. Hoping to stimulate Pie use of water mills where the:.
peaiants' grain would be visible, and hence taxable, he French
government outlawed hand mills. And in the par of the New
World where slave-holding was Mit tolerated and labor was
scarce, waterwheel technology flourished. By i 800 about io,- .

000 waterwheels were in use in New England alone.3.
HYdropoWer first. became a source of electricity during the'

nineteenth century. Invented in 1820 by the French engineer .
,Benoit Fourneyron, the turiline was to the waterwheel what
the propeller was to the side paddlea submersible, compact,
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and more efficieni energy converter...Turbines were first linked
to generators to produce electricity in Wisconsin ip,.-1..812, and

the development of alternating current by George Westing-
house at Niagara Falls ift19o1 made transmitting power over
dstances, economical. During the 'eight decades since, the
technology has been refined but not greatly altered.4

Tbe early hydropower facilities, known as run-of-the-river
plants, produced little power during the dry season_ -when
streams and rivers were low. To obtain continuous power out-
put, large d.ims with water-storage reservoirs were built; Since
the thirties, post hydropower energy has come from major
dams set in !Inge rivers. Since the oil shock of 1973, intetest
in the intermittent power from run-of-the-river dams, many 9f
which were abandoned when petroleum was cheap, has
revived.5

Rising energy 'prices have ailSb sparked interest in a largely
forgotten hydropower technology that does not depend on
dams at all. During die Middle Ages, before dams were com-
mon, waterwheels affixed to barges anchored in rivets were
widely used. Sucb floating hydro plants' are not ecologically
disruptive, ana they can tap otherwise inaccessible water flows.
SeveTal countries are now trying to modernize this old tech-
nique and to assess its costs. If this technology (k-riewn as the
lift translator) proves economical,' the entrgy potentigl and
environmental.soundness of hydropower would inerease-

dramatically.6
Since water power was first used to produce electricity, hy-

drb-energy's contribution .to the world's electricity supp* has
risen steadily". 'In 1980 it accounted for about 25 percent of
global electricity and 5 percent of total world energy use; Total
world hydro production today is 1,720 billion kilowatt-hours,
which is generated at dams with a total capvity of 458,000
megawatts. The world's leading generator orelectricity from
falling water is the United States (mow megawatts of capac-
ity). Next in line are the Soviet Union (47,000) and Canada'
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(40402) With a tenth of the planet's potential
1

China will
likely surpass all three over the long run.7

If all the energy contained in the water flowing toward the
oceans was harnessed, a staggering 73 trillion kilowatt-hours
could ge produced annually Yet f iven technical conitraints,
probably no more than 19 trillion kilowatt-hours can actu'ally
be tapped But while enri'ronrnental and economic factors will
constrain use of this resouree:at some pOint, world hydropower
production could, still reach between (our and six times its
present leve1.8 , ,

.

In general, hydropower potential is distributed aniong the
continents in rough propoition to land area. Asia haez8 per-
cent of the world's potential; South America, 20 pegent;
Africa and North America (including Central America), 16,
percent each, the Soviet Union, ii percent, Europe, 7 percent,
and Oceania, 2 percent. Although every continent has hydro-
powei potential, mountainous areas and large river Valleys have
the most For instance, India is twenty times 'as big as Nepal,

'but Nepal has nearly three times as much' hydropoui.waten-
tial.9. ,. .

Much of the world's untapped hydroelectrickpotential lies
far from industrial centers, evgn far from inhabited areas. Un-
populated parts of Alaska, northern Canada, and Siberia have
treimendous hydropower potential. ,The Amazon, the Congo,
the Orinoco, and the.rivers snow-fed by the Himalayas all offer"
sites for largerscale hydroelectric .. development. Remote
reaches of Papua New Guinea, South Africa, Borneo, Tas,
mania, Norway, the Philippines, Argentina, cuana, and,New
Zealand also have many promising dam sites.10

Some regions are much farther alo--n han otheis in deyelop-
ing their water resources. TSee Table 8. .) Europe, Japan, the
United States, the eagern Soviet Union, and southern Canada
ikaye done the most to harness this power source. Indeed,
Europe has explOited almost 6o percent of its potential. With
only a fourth of Asia's resources, it generates netplirtmjice as

1 81



..168 kenewable Energy. .

much power. Africa has developed dnly,about 5 percent of its
potential, half of which comes from just three damsKariba
in East Africa, Aswan on theNile, and Akosombo in Ghana.11

Table 8. i. Hydropower Potential and Use, bi.Region,,198o

Region

Technically
exploitable
potential

Share of
potential
exPloited

(megawatts} . (percent)

Asia 61o,loo 9
South America 4.31.900 8

Africa . 358 300 5 -

North America . 336,400 36

USSR ;30,000 1 2

Europe 163,000 , . 59 .(

Oceania 45,003 1 5

World z,zoo,odo 17

Source- World Energy Conference,, Survey of Energy Resources

Insome areas hydropower is the main source of electricity.
More than thirty-five developing and industrial nations already
obtain more than two-thirds of their electricity from falling
water. In South America 73 percent of the electricity used
comekfrom hydropower, compared to 44 percent in the devel-
oping world as a whole. Norway gets 9-9 peicent of its electric-
ity and 50 percent, of all its energy frOm falling water.12

Big Opportunities and Big

Few technological changes so ramatically and visibly alter the
face of the earth as large, dams nd artificial lakes:Large mod-

. ern ms rEnk among hiima greatest engineering feats.
Egyj5ts Aswan. High Dam, foi ins e, weigh's. seventeen

times much,as the Great ram d of 'Cheops. The Itiapu
Dam, oh the Parana between B and Paraguay, will soon
enerate 12,606 megawattsas much power as thirteen large

,

8 2
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nuclear power plantsmaking it the biggest power complex on
earth. The lakes created by such dams number among the
planet's, largest freshwater bodies. Ghana's Lake Volta, for
example, covers 8,5oo square kilontetersan area the size of .

Lebanon.13
Even larger dams and lakes, however, are on the drawing

board. On the Yangtze River in China, the Three Gorges Dam
now under study will probably be the world's biggek dam
capable of generating 25,000 megawatts of power. 'American?
Canadian, and Soviet planners have even grander designs for
the giant rivers flowing into the Arcticthe Yukon, the Mac-
Kenzie, ihe Ob, and the Lena. And Egypt is considering ,har-
nessing the energy of water now resting in the Mediterranean
Sea by channeling it through an artificial canal into the Qattarb
Depression, an 18,00o-square-kilometer sink in the Sahara.14

Modern dam building traces back to .the establishment of
the Tennessee Valley Authority (TVA) in the United States
in 1933. Before Franklin Roosevelt created this government
body, conflict between private power developers and public
power advocates slowed US. hydropower development. ,The
creation of the TVA settled the case in favor of the public
sector. It also marked the beginning of a.basin-wide develop-
ment program centered around energy production. A unique
blend of ,centralized planning 'and grass-roots participation,
TVA has the power to borrow money, condemn private prop-
erty, and build dams. It also has a broad mandate to promote
rural electrification, cOntrol soil erosion, improve navigation,
and harnes power. TVA spearheaded development in a mil;

-
lion square mile area by enlisting the essential help of thou-
sands of small farmers and townspeople and by re,:varding them
for cooperating. TVA's comprehensive approach to the devel-
opment of river basins has become, the model everywhere.15

The decade after World War II was the golden age of large
darn construction in the United States, the Soviet Unions and
Canada. By the late 19505 the frontier of large dam construe-

/
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tion was the Third World and remote regions everywhere. The
success of such basin-wide schemes as ths,TVA and the Soviet,
development of the Volga and Dnieper Rivers has drawn many
Third World leaders to this energy source. So his tile prestige
value of large dams, which symbolize industrial progress. The
generous financing terms and management assistance the in-
dustrial world offers make the construction of large dams even
more attractive to nations facing chronic capital and/ technol-
ogy shortages.16

Political cooperation between nations sharing common
witer resOurces" is 'a prerequisite to financing and constructing
many large-scale hydroelectric dams. (Altogether, some 200 of
the world's rivers cross international boundaries.) Where hy-
dropower is most developedin North America and Efirope
nations have successfully devised political mechanisms for co-
operative river development and conflict resolution. In North
America, for example, the Columbia and St. Lawrence rivers
could not have been harnessed had not the U.S. and Canadian
governments cooperated closely. In Europe, the Rhine and
Danube could not be developed until previously suspicious and
oft-warring nations laid aside their differences.17

Unresolved conflicts over water rights remain a major barrier
to the development of ma4 promising large hydro sites. Long-
simmering disputes between India, Nepal, and Bangladesh
over Himalayan waters frustrate efforts to harness one of the
world's major energy resources. In Canada an old dispute be-
tween Newfoundland and Quebec over power pricing has
delayed construction of a 2,300-megawatt dam complex on the
lower ChurchillkRiver. And the hydroelectric and irrigation
potential of the Aekong River in Southeast Asia remains un-
tapped because of conflict between "Laos, Thailand, Kampu-
éhea, and Vietnam.18
NIUnable to compromise with resource-sharing neighbors,

some countries have unilaterally develotied the,portion of the''
resource base they control. Yet such a strategy can backfire.

ito
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When Egypthin president Nasser initiated the Aswan Dam
project in the early 195as, Great Britafircontrolled the headwa-
ters dthe Nile in the Sudan and centraTAfrica. Thus efficiency
and econorriy were sacrificed so as fo place the dam beyondf Biltain's reach, today, however, the reservoir is filling with silt
'far more rapidly than,anticipated as soil erodes in impoverished
regions of other African countries of the Nile Basin. Should
India deselop risers of the subcontinent without Nepal's coop-
eration, the curse of Egypt will be on it too.19

Hydroelectric projects figure prominently in the economies
and investment plans of many developing nations. With power
from Aswan, Egypt electrified virtually all'of its villages and
created many new jobs in labor-intensive local industries. Com-
panies attracted by the power of the S5o Francisco River have
brought alrriost a million new jobs to impoverished northeast
Brazil. Venezuela expects to spend tens of billions of dollars
over several deeades to harness 40p00 megawatk of power
from the Caroni River at Curl. And the Philippines, heavily
dependent on imported oil, envisions a 45 percent increase in
hydroelectric generation in its current five-Year energy pro-.
gram.2°

.

Yet kilowatt-hours generated is no measure of integrated
development. The impacts on agriculture, fisheries, health,

. employment, and income distribution must all be weighed.
Unfortunately, building a large dam in a developing country

. does not necessarily improve the standard of living for the poor
rural majority since the energy-intensive industries that locate
near large dams seldom provide many jabs for unskilled local
People. A case in point is the $2 billion Asahan aluminum and
hydroelectric project in Sumatra, which will employ only 2,100
of the island's estimated 30 million people. Too often, the
power not used by nearby industry will be transmitted hun-
dreds of miles to major cities, leaving dozens of villages unlit
along the way.21, .

.

As for the ecological changes wrought by large dams, they

16 5



172 Renewable Energy

pose both opportunities and dangers. Large dams change a
self-regulating ecosystem into one that must be managed.
Plopped into a river with no thought to the upstream and
downstream impacts, a large dam Can bring disaster. Lakes
-Cannot survive some of the abuses rivers can, so traditional ways
of life are called into question, especially sanitation practices.
Water-borne disease can get out of hand and soil erosion and
pollution must be controlled in order to preserve a dam's water-
storage and-power capacities:22

The world over, the silting of resemirs caused by soil elo-
sion threatens dams. When a reservoir fills with sediment, a
dam's ability to store water and generate energy is drastically
curtailed. The Sanmin Gorge Dam in central China, for exam-
ple, has lost.three-quhrters of its ,000-megawatt power capac-.
ity to sediment from the Yellow River. In Nepal deforestatiqn
and farming on, steep lands threaten to incapacitate the few
dims already built on Himalayan rivers. Until the topsoil of
Nepal and northern India can be stabilized through reforesta-
tion and iniproved,farming practices, both countries' ambitious
hydroelectric and irrigatiorf plans will have to be postpoted.23

A primary motivation for building large dams is to trap water
for irrigation. By storing water from rainy seasons and years for
use when it is dry, dams mitigate the effects of droughis,
increase agricultural productivity, and extend agriculture to dry
uncultivated areas. Often the electricity generated at such
dams powers pumps that extend irrigation over large areas. Of
course, farmland created in this way has a pricethe river
bottomlands flooded by the dam. Where dams have curtailed
the "spring floods that once deposited rich silt on the land,
artificial fertilizers must be applied to preserve soil fertility, and
fertilizer production cad consume much of the dam's power
outpuf.24

On fisheries the impact of large dams is both ambiguous and
unpredictable. Gauging imPacts is especially difficult in tropi-
cal Afrita, Asii, and Latin America,,where many important but
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still mysterious fish speCies live. Where fish species migrate
long distances to breed, dams can decimate fish stocks. The

, rich Columbia River salmon fisheries in North America de-
clined sharply after dams were built on the riverdespite well-
funded programs to build fish ladders and to restock the river.
The unanticipated destruc,tion of the eastern Mediterranean
'sardine fishery by the ;Aswan. High Dam has been more than
counterbalanced by the emergence of a fishing industry on
newly creatzl Lake Nasser, but sardine fishermen cannot find
the change consoling. Egyptian officials optimistically predict
that Lake Nasser will eventually yield 6o,000 tpns of fish per
year But if eiperience with other African dams is any guide,
production may fall as the lake grows older and becomes more
ecologically settled.25

On human populations the impacts of large hydropower
projects in tropical regions are only too well understood. In
warm climates reservoirs and irrigation canals provide ideal'
breeding grounds for snails that transmit schistosomiasisa
debilitating, sometimes fatal disease that currently afflicts some
200 million people in tropical countries. Better sanitation
facilities and improved hygiene could virtually wipe out this
and other waterborne diseases, but planners' and governments'
best efforts have so far failed to get people near newly created
lakes to adopt the sanitation practices that cOuld halt disease.26

Another often-neglected cost of large dams is.that paid by
people whose homes are flooded by the project. Some 8o,000
were disp ced by Lake Nasser in Egypt and Sudan, 75,000 by
Lake V ta in Ghana, 57,000 by Lake K2610 in East Africa;

'and o,000 by LOe Kainji in northern Nigeria. China's
planned Three Gorges Dam could force some 2 millidn people
to leaye home foreyer. Plans to resettle and reemploy displaced
people figure prominently in few dam projects, and most of
those made fail for lack of funding. And no amount of govern-
ment aid can compensate for the permanent loss of one's
roots. 27
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Particularly troubling is the threat to native tribes long.pre-
served by isolation. The already beleaguered and shrinking
Indian tribes of. Amazdnia, for example, could be forced by
Brazil's ambitious dam development to resettle in a culture
harshly and disorientingly modern by their standards. SOme
native peoples have resisted government resettlement pro-
grams, protesting and taking up arms. Holding fast against the
Philippine government's plan to place Southeast Ma's largest
hydro project on the swift-flowing Chico River, tribes in cen-
tral Luzon have fought repeatedly .with governmenCtroops.
Still others have woroubstantial concessions. Native people in
the area inundated by Quebec's giant James Bay project
delayed construction through the courts and forced the govern-
ment tOgrant them $250 million, title to 12,950 square kilome-
ters of land, and preferential employment rights on the project.
Isolated tribes in poorer, less developed countries are unlikely

.to fare so well, although groups such as Survival International
have recently emerged to help them.28

Dams can also endanger little-known plant and animal spe-
cies. In Quebec careful environmental monitoring revealecbr
that the new dams awl impoundments threatened no species.
But many tropical plants or animals with potentially -high eco-
nomic value will be lost forever if darn reservoirs are built
because so many tropical species have yei to be named. Even
where threatened species have been identified, pressure to de-
stroy their habitats can be irresistible. Over the heated protests
of environmentalists, Australia has built a hydroelectric com-,

. plex in Ilake Peddar National Park, flooding habitats of dozens
of species found only in Tasmania.29

A 'few hopeful signs indicate that in many countries the
dam-building process is now more than a feat of engineering
muscle. Many of the hazards of dam construction in the trop-
ies, for example, are better understood now than when the 6rst
'modern dams were built thirty years ago. The plans fot the
hydroelectric and irrigation project being built on the Senegal
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River by Mauritania Mali, and Senegal call for extensive eco-
logical monitoring and population-relocation programs.On the
other hand, Brazil's ``dam it all" approach.can be expected to
cost the nation plenty later,30

While ecological change accompanies any dam pioject, es-
pecially in the tropics, the failure of communities and farmers
to make necessary adjustments once the dam is built probably
causes Mgr environmental problems than the structures them-
selves do. Accordingly, even the best-laid plans will not work
unless people at the grass-roots level help n the project and
share in its benefits. Unfortunately; th invo vement of farni-
ers, owners of small businesses, and l .1 ncialsthe key to
die Tennessee Valley Authority's successhas-too 'often been,
missing in developing countries. Erosion along the shores of
1.I.,ake Kariba between Zimbabwe and Zambia, for example, has-
reached dangerous levels despite efforts by both governments
to prevent overgrazing and to preserve a band of trees along the
water's edge: Although local farmers and herders know their
practices threaten the lake, they cannot afford tO forgo short-
term production gains.P

Tennessee Valley farmers controlled erosion, and planted
jp. trees because they receiyed cheap loans and cheap electricity

in exchange. But poor farmers on the Zambezi are being asked
to abandon ecologically destructive practices and offered noth-
ing in return. Often the failure of planners to spread a project's
benefits'among all affected actually accelerates the impoverish-
ment of marginal groups.

Maintaining Momentum

For the last three decades, large-scale hydropower develop-
ment in developing countries and in peripheral regions of the
industrial cpuntries has occurred primanly because energy-
intensive industries need cheap electricity and global-lending
institutions have been willing to advance multi-billion dollar
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loans. Today the failures of the international .economic and
political systems to -adjust to higher prices and higher costs
throw such long-term investments into question.32

Large dams are extremely expensive, and nearly all are built
with borrowed money. Aswan, for example, cost $1.5 billion,
when it was built in the sixties. Itiapu will cost between and
$6 billion, and China's Three Gorges project could cost $12
billion. The U.S. government bOrrowed to finance '?VA inihe
1930s, Brazil and Quebec borrowed the needed capital in the
19705; and China will do so in the 198os. According to the
World Bank, the Third World will need to saise an estimated
$loo billion between 1980 and 2boo for hydro plants cupeitly
on the drawing boardsa staggering sum considering high
interest rates and the financial plights of many 'developing
countries.33

Few major dams are likely to be built in developing countries
without at least partial World Bank funding bedauSe Western
banks and lending consdrtia fear-that a Third World country
Might nationalize a dam once constructed. At. the_sarne tirne,
few,developing countries are willing to turn over ownershij ? of
so important a naional resource as a river to foreign private
investors.34

Capital for hydropower projects is most readily available.
when salss of powermainly to energy-intensive industries
owned by multinational corporationsguarantee a steady, pre-
dictable flow of revenue. In such sparsely inhabited regions as
tile Amazon Basin, New Guinea, Quebec, and Siberia, the
need for power to extract And smelt minerals provides the

principal impetus for hydroelectric development. Where
prime hydro sites are not close to rich mineral deposits, 'the
main economic force behind large dam constrictio i the
aluminum-synelting industry.35

Coqstructing dams in previously undeveloped areas often 7
leads to a conflict between new users and those who made the
dam possible. bam -owning governments soon see the Wisdom
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in diverting cheap power to emploYment-intensive activities or
to raise prices to fund national development programs. When
the availability of cheap power stimulates consumption enough
toiprecipitate shortages, a painful choice emerges. Either gov-
ernments must raise prices for the heavy energy users, perhaps
driving them elsewhere, or it must let smaller consumers alone
bear the prohibitive cost of building new coal or nuclear power
plants to meet demand. Egypt, the U.S. Pacific Northwest, and
Ghana face this painful dilemma today. As the price of electric-
ity produced from fossil and nuclear energy climbs, countries__
selling 'hydroelectricity at bargain rates have been increasingly
tempted to raise prices to the world averageoften ten times
the rate they now charge. Yet so far the interests of large
electricity consumers accustomed to cheap prices have pre-
vailed.3.6

In the years ahead the key td plannifig and financing hydro-
power will be resolving these conflicts and raising prices
markedly. Nowhere has,the pricing and allocation of hydroelec-
tric.power yet 'changed .in response to the oil shocks of the
seventies. Between 1970 and 1975, the price of coal quadru-
pled, the price of uranium increased eightfold, and the price
.of oil rose tenfold. Owyirs of reserves of these fuels quickly
reaped a massive windfall as prices folloived OPEC oil to dizzy-
ing new heights. Only the owners of hydroelectric facilities,-
governmentsmissed out ofithe profits. While the prices of
oil, coal, and Uranium were influenced by the price of imported
oil, hydropower's cost continued to reflect the cOst df produc-
tionthe suni) of dam-operating costs and the interest on
money *rowed long ago, neither of whiCh -rose much. As a
reiult, consumer demand and waste of electricity rose. Already
underpricing and overdemand are'strapping the governm-ent-
controlled Bonneville Power Authority in the Pac*e_North-
west. Since electricity prices in the Pacific NOrthwa are one-,
eighth those in oil- and nuclear-dependent New York City,
Washingtonians and Oregonians use five times as much elec-
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tricity pet capita as Nei, rkers do. But meeting this extra-
ordinary price-stimul ed de and_ with new nuclear plants is
not working. Nuclear cost overruns already more than equal
the cost of all the federal dams on the Columbia River.37

For developing countries the' cheap sale of hydropower has
had even more tragic consequences. Locked into contracts
with aluminum companies that were signed before the price
revolution-of the 197os, dozens of third Worla nations are
selling their principal energy resources at a price'far below their
market value. According to the Center for Development Policf
Studiek simply incteasing hydroelectric prices to the, world
average price of electricity would earn fifty`7six developing na-
tions over $10 billion annually. Through underselling to West-
ern-owned multinational corporations, these nations are collec-
tively losing about as much each year as the World Bank lends
for all development projects.38 -

Ghana exemplifies the problems underpricing hydropower
causes. In the sixties this West African nation built a large dam
on the Volta River and signed a thirty-year contract to sell
power to Kaiser Aluminum Company at three-tenths of a cent
per kilowatt-hour (one-twentieth of the current world average
price). For Ghana the dam represents a major national invest-
ment. It also represents a sacrifice: Waterborne diseases in-
creased .once the dam was built, and people from nearby
flooded areas had to be 'relocated. Yet revenues from the dam
barely cover interest payments and operating costs, so,Ghana'
gets little net benefit fro* its principal national energy re-
source. With the Kaiser smelter taking over 90 percent of
Ghana's total electrkity production, Ghana faces electricity
shortages. It ha's had to borrow money to build smaller, more
expensive dams, 'and it now imports power from neighboring
countries. Attempts to renegotiate contracts with Kaiser have
fallen flat, partly because neither the World Bank nor the U.S.
government will support Ghana.39

Selling hydroelectric power at prices closer to its true market

s
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Would,make aNailable funds to build other dams and to
help consumers cope with higher prices by investing in energy
efficiency. In the U.S. .Pacific Northwest, for instance, the
Bonne,,ille Power Authority could raise nearly a billion dollars

, a year by selling its hydropower at the national average pxice
of electricity. In developing countries additional electricity
revenues could support internal development.40

Like dam construction on international rivers, pricing re-
form demands international solutions. Unilateral action by de-
,,eloping countries to raise prices will undermine investor confi-
dence and jeopardize access to fnrther World Bank loans, Yet
inaction has high costs, too, as the debacle in the U.S. Pacifim
Northwest, vividly shows.To avert these problems apd boost
hydropower development, the World Bank and its principal
contributors should encourage i gradual rise in the price of
hydroelectricity, one that the aluminum industry could bear
without, moving its p)ints closer to centers Of demand.41

Establishing a realistic hydroelectric-pricing scheme could
trangform the prospects for hydro development in poorer parts
of the wOrld.'As the migrating alurhinum industry opens up
more remote hydropower-rich regions, the Price. of alumipum

icOuld gradually rise.to reflect the costs of operating in ncreas-
ingly difficult terrain. These higher prices would stimulate alu-
minum recycling. Eventually a smaller aluminum: industry
located in the most remote regions would reach' equilibrium.
In the wake of industry's wanderings would be many flourish-
ing and .sustiinable local economies.

Small-Scale Hydropower for Rural Development
, .

Fortunately, large darns are not the sole hydro development
optiorf of developing nations. The power of falling water can
also be harnessed at much smaller sites with capacities between

kilowatt and i megawatt. By constructing small dams, Third
World countries can unleash the 5 to m percent of their



180 Renew.able Energyr

hydropower resources that the World Bank conservatively esti-
mates exists at small sites. Srpa2 dams could, in fact, provide
roughly as much electricity as Third World countries derive
from hydropower todaymore,* if inexpensive local labor and

Imaterials are.used.42
The economics of building small dams for power production

varies widely. The World Bank says that costs hover around
$3,500 per kilowAtt of installed capacity, but many projects are
being built today for between $5oo and $1,00o per kilowatt of
capacity. Because relatively fixed engineering and site-prepara-
tion costs can be spread over a larger power output, larger dams
seem to enjoy considerable economies of scale. But small-scale
projects look wore favorable if the hidden or discounted social
costs of large dams are taken into account. In general, develop-
ing countries stand to reap more by developing the cheapest
small sites available before yenturing into additional large dam
projects.43

Besides generating revenues small hydro plants can reinforce
'economic development by converting poorer _countries' most
abundant and least-used resourcelaborinto critically
needed caPital. They can also -catch silt-laden storm waters,
thus protecting large downitream dams from premature sedi-
mentation.

Among developing, natioos, China alone has placed high
priority on small-scale hydro development. Mile most devel-
oping countries have borrowed money and imported technol-
ogy to build large dams to run heavy industrythe Chinese have
relied on indigenous labor, capital, and technology to build tens
of thousands of small hydro facilities. Reports that major-cities
regularly experience "brown-outs" and that electricity for
heavy industry is scarce are true, but China has brought many,

, basic amenities to its vast rural population by building small
dams.'"

AlthOugh China was ah early user of waterwheels, all but
fifty of the nation's hydro facilities were decimated in thestrife
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and economic decay that preceded the communist revolution.
After 1949 the gOvernment followed the Soviet model of rural
electrifcation by emphasizing large power plants, so the num-
ber of small hydro facilities in use actually declined in the late
fiftiesi But with the Cultural Revolution in the mid-sixties
carne a boom in small-dam construction that China's current
leaders continue to promote.45

Since 1968 an estimated 90,000 small-scale hydrb units with
some 6,330 Megawatts of generating capacity have been built,
mainly in the rainy southern half of the country. Although the
average size of the units is a meager 72 kilowatts, small plants
aecount for 40 percent of China's installed liydro capacity. In
more than one-quarter of the nation's counties, these small
dams are already the main source of electricity, and China
expects to add 1,500 megawatts of power annually through
1990 and 2 ,000 megawatts per year for the ten years following.
By the turn of the century, the government hopes small hydro
facilities will be Providing six times as much energy as they did
in 1979.46

the Chinese consider small hydro plants just one part of
integrated water-management schernes and rural development
efforts. Driven by the need to feed and emPloy a billion people,
the government has given highest priority to agricultural water
'storage, irrigation, flood control, and fishery needs. Chinese
villagers'have built impoundments and irrigation ditches with
simple hand tools and without expensive, heavy earth-moving

- equipment. Many of the components of hydro plant,5tur-- bines, pipes, and gateshave been colstructed at small shops
bry local artisans using local materials and standardized designs
With money earned and saved from agriculture and fishing,
communes have upgraded the sites without central govern-
ment funding. Technical advice from agricultural extension
workers has improved dam and plant design and helped lower
costs:47

Unlike dams that power capital-intensive export industries
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in so many dcreloping countries, small dams in China support
workshops that turn locally arailable raw materials into goods
used in iisearby.. areas. Hydropowered factories scattered
throughout the countryside.husk rice, mill grains, make soap,
aneproduce leather and simple metal goods. The power left
orer is forlighting, movies, snd telecominunications.
While the antities of energy involved are not great, these
hydro plants dramatically improve the quality of rural lifeand
thus halt migration to overcrowded citiesby reducing the
backbreaking drudgery of lifting water, sawing wood, and
grinding grain by hand. And village-based reforestation, anti-
erosion, and schistosomiasis-confrol programs have enabled the
Chinese to avoid the ecological and health problems often
connected with hydropower use. The.leaders in Beijink claim
that their small-scale water development efforts complement
rather than displace the need for laige dams. By "walking on
both legs"building small dams as well as largethey hope to
exploit fully their tremandous water-power potential without
incurring high social and, ecological costs.48

The projects comNeted outside China confirm the role, of
small hydro plants in balanced development. In Papua New
Guinea, for example, the village schoolmaster in remote Bain-
doang heard about hydropoiver on a radio show and asked the
national university for help building a stnall dam. Along with
a private group it obliged, and a tiny 7-kilowatt turbine was
installed two year's later. Celebration and dancing com-
memorated the coming of power to the village, where it lights
the.school and store and heats water for communal showers.
By mobilizing locallabor, the project strengthened the village-
level institutions and gave villagers a greater sense of control'
over their own livesa far cry from what large hydropower
projects do.49

Spurred by rising oil prices and such examples, many.Third
World countries have become interested in sinall-scale hydro-
power. Nepal, the most active, recently opened about sixty
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wker-powered mills. These efforts are being assisted by modest
but growing international aid programs. The.U.S. Agency for
International Development has loaned Peru:s national" power
company $9 miaion for twenty-eight installations ranging in
size from ioo to 1,000 kilowatts. Fran'ce ,is helping several
African nations build small dams, and Swiss grps ire helping
Nepal set up factories to build small, inexpensive turbines.
Unfortunately, the World Bankwhich between 1976 and
1980 loaned $1.68 billion for large-Scale hydroelectric projects
has spent, almost nothing on developing small sites.50

Promising first steps, these programs must be expanded con-
siderably to have much impact. By funding bacIly needed sur-
veys of small-hydropower polential, development assistance.,
groups could document the .dimensions of thisr,untapped re-
source and direEt local groups to particularly promising sites._
Once specific projects get nderway, governments and interna-
tional agencies can help by providing hydrologists, geologists,
and engineers to ensure that clams are built safely and take full
advantage of the water flows. International agencies Cbuld alio
take up TVA director S. David Freeman's challenge to estab-
lish an international hydropower development corporation to
share scarce knowledge and skills. Large lending institutions
could help by repackaging capital blocks into smaller parcels
and broadening loan criteria to &Vet the hidden social costs
of large dams and the neglected benefits of small ones."

Developing nations themselves also need to reassess the pri-
ority they give largq-scale hydro development.efforts. Dotting
the countryside with small projects may not be as politically
gratifying as erecting a few big modern dams, but it would.go
farther than a "think big" approach toward itieeting the needs
of the rural populace. Altlipugh small- and large-scale hydro
projects go hand in hand, integrated village-level water devel-
opment should precede the construction of large dams as a,
general rule. Erosion, the spread of waterborne and other dis-
eases, and the other side effects of large projects will be easier
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to amquer if people have already helped design small dams in
their villages. At the same time, rural development will be more
balanced and more effective.

Making Better Use of Existing Dam

In the United States, Japan, and several European countries
where hydropower resourees are well developed, strong public
support for free-flowing rivers has brought daroconstruction to
a virtual standstill. In these areas the challenge is not to build
new darns, but to preserve both wilderness and ecological Jal-
ties by making better use of existing ones.

Much of the public's opposition to new danis reflects a
desire to preserve "white water" recreational opportunities and
to keep remote and unaccountable ufility companies within
bounds. Some also is based on -ksound ecological. principles.
Preserving representative river systems in their natural state
provides a baseline against which* ecological change on oti}er
rivers can be measure'd as. well as sanctuaries for the many/
species that thrive only in swift-moving waters. Many people
also reognize the obligation those Who have despoiledko much
of the ei'fth have to future generations:42

The.United States sand Sweden have done most to preserve
wild rivers with high-aesthetic, wilderness, and recreational
calue. Parts of thirty-seven U.S'friverswith, a combined po-
tential capacity of 1,75,o megawattsrare protected from fur-
ther development under the Wild and Scenic Rivers Act. An-
other 3,500 megawatts of power potentii on the lower
Colorado River is going unused because of Grand Canyon
National Park cofistraints. Sweden has permanently banned
dams from four undeveloPed 'rivers in its far north.53

As the improving econolvics of hydropower open the way
for exploitation in the years ahead, public officials and citizens
ihould scrutinize dam projects more carefully than they have.
In particular, 'the often-inflated claims of recreational and
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flood-control benets must be assessed carefully since power
sales alone seldom justify.a project.'Then, too, the prime agri-
cultural value of bottomland. that must be flooded should not
be underestimated. In many cases, water conservation and
flood-control benefits could be better aciSieved by reducing
water waste and limiting construction in flood plains.54

The United States, Europe, Japan, and the Soviet Union all
bave many small dams tunder Ve megawatts) that represent
increasingly viable sources of power as electricity prices rise.
France has been so successful in pressing its dams into service
that 1,o6o micro-hydro stations with a combined capacity of
390 megawatts constitute i percent of the nation's total gener-
ating capacity. Japan too has aggressively harnessed its abun-
danf water resources with numerous small dams. Recent stud-
ies indicate that billy regions of Wales, Scotland, Spain,
Sweden, and Romania all have substantial untapped hydro
potential at existing small dams.55

The greatest opportunity in the industrial world to take
advantage, of small dams. is in the United States, whek many
small- and medium-sized dams await renovation. Twenty-one

, small dams on the Rhône in France produce 3,000 megawatts
of power while the comparably sized Ohio in the U.S. prodges
only 18o megawatts. In all less than 3 percent of U.S. dams
produce electricity, even though an estimated 6,000 to 24,000
megawatts is available at small dams alone compared to the
present total U.S. hydropower capacity of 64,00o megawatts. 5.6

During the last several decades, falling electricity prices and
the end of the forty-year life of construction tax concessions led
to the abandonment of almost 3,000 dams in the U.S. But the
years of neglect are now themselves ending---albeit at a high
cost. According to the New England River Basins Commis-
sion, tlic northeastern United States has 1,750 small unused
dams that could produce I ,000 Megawatts if fully exploited. If
thes dams were renOvated with money borrowed at a 7 per-

_ cent irterest rate, with the understandink that power would be
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sold at 4.5v per kilowatt-hour, 5o percent of their potential
could be harnessed economically. If government kept the inter-
est rate at 3 [iercent and paver were sold at 6.70 per kilowatt-
hour, 8o percent of the potential could be developed.57

Boil.; public and private efforts to restoresmall dams are
afoot. In the United States, gmiernment encourages the trend
in two ways. It grants tax bene:its that ire twice is higlfasindst
industrial investments receive.and reduces the regulatory bur-
den on small-dain developers, most of_whom are small farmers,
small firms, or townships. Ultimately even more important is
the Public Utility Regulatory Policies Act of 1978, one section
of which requirei utilities to buy power from small power
producers at fair rates. As a result, applications for permits to

"produce powera good measure of hydro development inter-
est if not actual constructionhave shot up dramatically from
6 in 1976 to 1,900 in 1981.58

Although public attention in the U.S. has recently focused
on renovating small, abandoned dams, even more energy is
available at medium and, large dams that have never been used
for power production. Risiqz power rates havennade electricity
generation economical at 4nany flood-control and irrigation
dams. While estimates of potential vary widely, 44poo mega-
watts is probably a conservative figure. Since the federal gov-
ernment owns most of these,dams, tapping this,potential will

require the government either to invest directly or to allow
private firms access to the dams."

Opportunities to boost hydropower's contribution to na-
tional energy budgets also exist at dams that already generate
power. Upgrading the power-generating rapacity of _dams

makes even more sense as the costs of alternative fuels rise and
turbine technology advances. At the Grand Coulee Dam on
thecolumbia Rivern the United States, for example, one new
superefficient generator has been installed and two more may
be added. In Switzerland hydroelectric prdduction could be

0
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increased by zo percent if up-to- e turbines and generators,
were installed on its dams, some of which date back to the

° ;-floos. California could increase power output by raising the
giant 70o-foot Lake Shasta Dam an extra zoo feet, though
buying property along reservoir Shorelines and relocating peo-
ple who have built there would be costly.°

In regions where most Of the favorable sites have been
tapped and where thermal power plants are numerous, hydro
facilities can be turned into what are known as "pealing" and
44 pumped*storage" units. Since demand for electricity varies
widely over time, sources,that cansipe easily turned off or on are
needed t'o meet demand peaks. Since the water stored behind
a dam can be rieased at any time, hydroelectric plants can
become sources of peaking power if additional turbines are
installed Panped storage facilities further exploit water's flexi-
bility as an energy Source by using oft-peak power from con-
tinuously running coal and nuclear plants to pump water uphill
into storage reservoirs. As needed, water is released to run baCk 4
downhill through the turbines, which recoup two-thirds of the
energy used for pumping. Worldwide, some 37,000 megaWatts
of these energY-storing facilities have been built so far.61 ,

P aking units and pumped storage facilities do hive their
d wbacks. Pumped storage plants tend to be large, exPensive,
a d difficult to sile. Fluctuating water releases erode shore
1 nes, impede navigation, and disrupt fish lifo, More important,
it probably cVs less to lower peak demand with conservation
and utility load-maRagembnt techniques than it does to meet
peak demarid with hydro' peaking units. ,,

Where hydroelectric regimes are mature, only institutional
inerta stands lin the way of a fuller use of hydropower. Tim.
Soviet .Union, .rnany European nations, and especially the

? United -States . could all rehabilitate small dams to acquire
needed power. The .technology is timeltested, the economic
incentive clear.
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The, Hydropower Prospect versa\

As economically appealing as hydropower is, favorable econom-
ics alone is.not enough. Political, financial, and environmental
obstacles stand in the way. Also key is government's unique
catalytic role, since rivers are everywhere publicly owned and
since wiler projects touch upon so many aspecti of life. With
public resistance to government initiatives mounting and sup-
port for development aid declining, only committed and far-
sighted political leadership can get world hydropower potential
developed.

-A

So great is hydropower's potential that theoretically it could
meet all the world's electricity needs, though of course arid
lands have virtually no resources. Even quadrupling global hy-
droelectric productiona realistic goalwould yield roughly
as much electricity as the world currently consumes,certainly

Iv,
enough to permit electricity use to grow for many years and
to eliminate the need to build most of "the coal and nuclear
power plants energy planners favored in the wake of the oil-

price revolution Of the seventies. In some countries and regions
hydropower can meet most oralliidditional electricity needs.
Quebec is seriously considering building a fully electrified econ-
omy based on water power, while the heavily oil-dependent
Central American countries have, enough untapped hydro and
geothermal resources to become energy self-sufficient. Costa
Rica, for example, already gets 35 percent of itvenergy irom
hydroelectric plants a'nd'94 percent of its hydro potential re-
mains untapped.62'

Some nations have enough hydropower to become electric-
ity exporCers.' Having tapPed the swift-flowing headwaters of
Europe's riVers in' the Alps, Switzerland sells electricity 'to
France and Italy. Nepal and Peru are similarly blessed with
abundant hydropower resour.ces, still largely untapped. Nepal
could become the Switzerland of Asia, exporting electricity to
the Indian subcontinent. Where distance makes transmission
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of electrieify inpractical, hydro-rich countries can export such
energylintens e products as aluminum 63

The pace ol hydropower development efforts.varies greatly
from nation to nation and continent to continent. (See Figure
8. 1.) North America, the Soviet Union, and Europe all have
substantial projects 'Manned or underway. Among the sleeping
giants of hydropowerAsia, South Awerica, and Africa
South Amalica, led by Brazil, has come 'farthest."

BecauseTydropower plants, dpecially large ones, take years
to plan and construct, short-term projections can be made with
some confidence. Aspf 1980 some 123,000 megawatts of hydro

capacity were under constructio
In and another 239,800 mega-

.,
watts planned. When all these plants are completed by the
turn of the century, Worldwide hydroelectric output. will be
toughly double what it is today. But even then, no mote than
One-third of the power that could feasibly be tapped will have
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been brought On line. By the yea4 2020, the World' Energy
Conference optimistically projects, hydropower will supply
some 8 trillion kilowatt-bours of power, almost six times the
present level. But this potential won't materialize unless such
economically impoverished Put , resource-rich:, countries as
Zaire, China, and Nepal attract investment capital and create
markets for hydroelectricity.65

Financing aside, environmental Problems may well pace fu-
ture hydropower development. In industrial countries the de-

,.

sire to preserve prime agricultural land and unique scenic -and
recreational resources has already made some large hydrO sites
off limits. In developing countries environmental catastrophies
now unfolding in some regions could damage or destroy the
hydropower capacity in others. Unless soil erosion and siltation
are checked, the hydropower investments of many Third
World countries would be for nought. ,

Not just dams, but basin-wide development and resource
management will have to be the Cornerstones of future hydro-
power prograMs. Local labor will have to be called upon and
rewarded for tree planting and erosion control. And nations
will have to take the 'codevelopment of large and small water
projects' as a signal rule.
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Wind Power '
A. Turning Point

/

Wind poWer returns as a breath of fresh air to the world
energy scene. Its use is already economical in some regions, and
plans for harnessing wind are proliferating in many countries.
As. technologies and production techniques evolve, wind ma-
chines more gliable and less expensive than current models
will further widen wind power's* use. ,

Today's wind machines range from simple water-pumping
devices Made of wood and cloth to large, sleekly contoured
electricity-generating turbines with ioo-meter blade spans. In
Australia 'and parts of Africa, Asia, and Latin America, wind-

, driven irrigation pumps are enjoying a renaissance. So too are
sail-diiven commercial ships in many coastal areas. Smaltelec-. .

..
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tricity-gener;ting machines are also becoming more popular,
particularly in North America and northern Eurdpe. For large
wind turbine§sophisticated new machines with coniputer-
based control systemsthe energy market will take somewhat
longer to open ul), but fheirilon.g-term potential to generate
inexpensive electricity appeais immense.

The conditions are ripe for _wind power. dut as with most
other renewable energy sources, pear-term sucfess is by no
means assured. Ambitious government research programs ac-
count for much of the progress achieved so far, and decisions
by some gOernments to trim support.for wind energy in tbe
early eighties have slowed development. Yet even without gov-
ernment funding wind power development Would probably
slow rather than stop, so great is the momentum it acquired
during the last decade. Indeed, wind power researchers and
businessmen are certain that the wind will yield substantia4'._.,--1
amounts of electricity and direct mechanical power before the
turn of the century.

Harnessing the Wind

Wind is bOrn of sunlight, which falls unevenly on di'fferent
areas of the earth and thus heats the atmosphere unevenly.
Since warm air weighs less than cool air and tends to rise, air
moves One large air-circulation system consists of cool polar
air being drawn toward the tropics to replace lighter, warmer .
air that rises and then moves toward the poles. Amid this flow,
high and low pressure zones develop naturally and give rise to
the persistent trade winds in the tropics, the polar easterlies,
and the westerlies that traverse the northern and southern
temperate regions. Similarly, coastal winds and such regional
turbulence as the Asian monsoons result as tool ocean air flows
inland to replace the rising warm air'.1

Of the solar energy that falls on the earth, only z percent
becomes wind power.2 But this small fraction represents far
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more energy than humanity uses in a year. Of course, Most
winds occur at high 'altitudes or over the oceans whdre)hey do
civ ilization little good. Even the most ambitious wind-energy
sehemes would tap only a small fraction of the total resource
comparable to occasionally lifting a bucket of watr out of
the oceans.

Harnessing the wind'i"-energy is not, obviously, a new idea.

Since the dawn of history, sailing ships have transported gOods
and people, opening up new lands and carrying invading armies
to distant shores. Windmillsmachines that capture the
wind's power to perform mechanical taskswere dei./eloped.
later, though when and where no one is sum. Windmills first
came into wide use in Persia around zoo B.C. Thqse relatively
priTitiVe machines were used to grind grain, ahractice that
later spread throughout the Middle East. Similar deyices camel.
on the scene in China at about the same the.3

Windmills were introduced in Europe sometime'before the
twelfth century, apparently by returning crusaders. They found
their place first in grain grinding and later in wood sawing,
paper making, and agricultural drainage. Europe's windmills
were horizontal-axis machines made of wood. Their drive
shafts were parallel to the ground, and each machine had four
large blades. Gears connected the spinning shaft to a grinding
stone or another mechanical dev'ice. This design eventually
evolved into the Dutch Windmill most people think of as-the
prototype. Sophisticated versions .of the Dutch model were
found throughout Europe by the fifteenth centiiiy. Along with
waterwheels, they greatly boosted the productivity of agrarian
economies and cleared the way for the industrial revolution. In
their heyday in the seventeenth century, windmills numbered
about m,000 in England And i.z,000 in Holland.4,

European industrialists and traders abandoned windMills
and sailing ships in the early nineteenth century as coal-fired
steam engines became widdy used. HoWever, pioneers in ius-
tralia And North America held fast to windmills as the only
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means of obtaining precious irrigation and drinking water.
Small horizontal-axis machines with a dozen or more metal
.blades were developed, and an estimated 6 million water-
pupping devices were built in the United States in the late

'nihteenth century. According to wind-machine expert Peter
Fraenkelathe windmill was, as important as the Colt revolver.
in opening the American West to cattle ranching.5

An electricity:generating wind machine wassdeveloped in
Denmark in 1890, opening up a range of new uses for wind
power. Not long after, engineers realized that to generate elec-
tricity efficiently fewer and thinner blades were needed. The
sletlk new machines they developed found a wide market in
Denmark, the United States, and a few other countries during
the twenties and thirties. Most were used to electrify faimi.6

From the thirties onward, rural electrification sounded the
death knell for wina machines in much of the world. New
hydroelectric dams and power plants that burned fossil fuels
could sell electricity cheaply, partly because they benefited
from government subsidies. North American fumes were en-
couraged by newly formed electric cooperatives to tear &Own
their windmills. A handful of inventors let them stand, how-
ever, and even during mid-century when the cost of electricity
was low, a few countries launched projects to develop larger,
more economical wind turbines. Researchers in Britain, Den-
mark, France, the Soviet Union, the United States, and West
Germany designed- wind turbines with over 20-meter long
blades and.more than ioo kilowatts of generating capacity.7
Yet the rapid development of nuclear reactors and other decid-
edly modern energy technologies made even new sophisticated
wind machines seem somehow antiquated.

It took the energy shocks of the seventies to spur a wind
power revival. Since 1973 dozens of small wind-machine manu-
facturers have entered the business, and both private compa-
nies and national goveinments have carried out research on
larger, .more sophisticated turbines.

2 8
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The engineering elegance of the new machines hints at
wind power's still-untapped potential The blades of a modern
wind machine typically occupy only a small space. Yet theoreti-
cally they can harness up to 59 percent of the Wind passing
through the area they sweep. Operating wind,, machines never
approach the ideal but are usually zo to 30 percent.efficient
high compared with other energy-conversion technologies.
Given the amount of energy they capture, both the material
and energy requirements for the manufacture of wind ma-
chines are impressiNely low. Most wind machines generate
as much energy as they take to manufacture in less than 5 years
-2---much quicker than most ot4er conventional or solar tech-
nologies.8

The.amount of energy available in the wind depends on its
speed The amount increases eightfold eNery time wind speed
doubles, so wind at 12 miles per hour contains fully 70 percent
more power than wind at ro miles per hour. A difference of
just two miles per hour can, therefore, make or break a wind-
energy project. At present, average wind speeds of 12 miles per
hour or greater are needed to operate an electricity-producing
wind machine economically, though rirclanical water-pump-
ing wind, machines work fine where winds average only eight
miles Pe? hour.9

Since wind availability varies greatly by region, each "wind-
prospecting" country needs an accurate reading of the size of
the resource .and its distribution. Initial,assessments in North
America and Western Europe indicate that in most northern
temperate regions there are many areas with sufficient wind .to
generate electricity economically. Mountain passes and coast-
lines in these regions appear exceptionally fertile. In both tropi-
cal and temperate regions, average wind speeds of 12 miles per
hour are fairly common, and many high-potential sites with far
greater winds have been pinpointed. And no country is com-
pletely windlessan important point considering how many
hive no coal, oil, or uranium.10

209,
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A Rertaissance for Wind Pumps
,

The technology tat opened the American West in the nine-
teenth century may turn out to be a lifesaver for the world's
semiarid regions during the late twentieth. Diesel pumps are
a costly means of drawing up the water so desperately needed
for irrigation, livestock watering, and general household use in
developing countries, and wind pumps now appear to be a
viable alternative. In fact for drawing water, wind power is ak
perfect match. 'When it is windless, water users can simply
draw on water pumpedt into p storage tank on windy days.
Storing water is of course far less expensive than storing elec-
tricity.

Approximately one million mechanical vrind pumps are in

1
use today. Most are located in Argentina, Australia, and the
Vnited States, where they mainly provide water for livestock. i.
Since most mechanical wind machines have an eneracapacity
of less than half a kilowatt, the world's wind pumps supply at
best a few hundred thousand kilowatts of powerless than one

14, late .thermal power plant." Yet mechanical wind pumps play
a crucial role. Imagine, for example, the cost and difficulty of
getting coal-fired electricity to isolated rdnches in the Aus-.

0 tralian outback. .

.Most mechanical wind machines use anyw e fro four fo
twenty blades .to capture the wind's eller , wh is then

' *transferted by a drive shaft to a pumpin tp anism. The
most common w' d pump in use today is fnerican multi-
bladed fan- machine. Heir t e o zontal-axis design <
that dotted the plains in the ninetenth c ntury, this rugged
machine will operate effectively at average wind speech below
ten miles per hour. Most of the machine's parts, including the
blades, are made of metal, and the diameter varies from two
to several meters. Costs tun from around $4,000 io over
000 per unit.12

Most wind-machine manufacturers are in Argentina, Aus-
..
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tralia, and the United States, though wind-pump industries can
be found in New Zealand, the Philippines, South*.frica, and
West Germany, too. Although sales plummeted during the
fifties and sixties, particularlyrin the United States, the industry
remains strong in Australia and South Afric.a, where wind
pumps are standard equipment on farms and where spare parts

. and repair services are readily Ivailable.13
Since the early seventies, the market for wind pumps has

again begun to grow. But it remains concentrated in regions
whgre wind machines have been in long use:- Modern large
farms and deep wells require More pdmping capacity than most
windmills can supply, so many farmers have been slow to adopt
the technology. Wind pumps could. be used widely in develop-
ing countries, but efforts_to import machinesjor development
projects have frequentl,' foundered becausc.the designs were
poorly suited to local wind availability, economic needs, or
social customs. Many wind purnps go ojt of commission for
want of a few minor spare parts or an oil change. In one project
in Zainbia, local people eventually dismantled, imported wind-
mills piece by piece for use for other purposes.14

Solving these problems would bottilassure a larg role foi
wind pumps and raise rural villagers' living standard . In areas
with average wind speeds of at least io miles per hour, wind
powet already can provide pumped water for small-scale uses
at approximately half the cost of diesel poWer. Recent studies
round that eveh in the less windy parts of India, wind pumps
are now cheaper to use than diesel pumps.15

Research bn "Wind pumps for Third World use has picked up
speed -in recent years and ,has tteen carried out mainly by
private nonprdfit organizations supported by national govern-
ments and internationaLaid agencies. These windmill develop-
ment projects have relied on materials that are both cheap and
locallg available, an approach that directly involves and benefits
the rural poor. Wind pumps stand as a prime example of what
E. F. Schumacher called an "intermediate technology"one

x.)
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that vmploys modern engineerihg and yet is well matched to
the needs of the rural poor, providing jobs and creating self-
reliant communities.

In particular, the sailwing or Cretan windmill, first devel-
oped in the Creek islands but noiv used for irrigation in several
Mediterranean countries and Thailand, lends itself teautifully
to local ,manufacttire out of indigenous materials. Improved
versions have been built in Colombia, Ethiopia, Carribia,
India, and the United States to meet the needs of small farm-
ers. Another innovative design based on traditional (vindmills
is the Savonius rotor, a vertical-axis machine tYpically made of
two oil-drum halves mounted'around a perpendicular shaft so
as to catch the wind.16

Some researchers and government planners are now working
but ways to make wind machines an integral part of rural .
development and to build an indigenous manufacturing capa-
bility. Las Caviotas, a rural development institute in Colombia,
has spent six years designing a reliable and inexpensive fan-type
windmill that eumps domestic or irrigation water in low winds.
Aproduction facility has been built that turns out twenty-five
4indm ills per day, ani the national government is helping fund
the placement of th wind machines throughout rural Co-
lombia. A similar strategy is used by the London-based Inter-
mediate Technology Develliment Cioup (ITDC), which has
developed a prototype fan windmill it &ipes local industries in \
many poor countries will one day manufactuteready, Kijito,
a small firm in Kenya, has begun trning ounTDC-designed
wind machine.

Another camp of wind-power eiperts argues that for econ-
. ornake wind-pump users themselves should build` the

pumps eut of local materials rather than waiting for an industry
to groW up.18 In Thailand, where simple wind, pumps dre

widely used by small farmers, this approach has worked. Else-
where a local commercial market will be needed. Whatever
approach is taken, it is sure that domestic manufacturing will
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go farther toward providing employment and keeping costs low
than importing-wind technologies will. Programs that train
people to install and repair wind machines.are also essentialafor
any successful effort to introduce windniills. Agricultural coop,
erativ es and extension serv ices may prove ideal for transferring
this know-how.

Clear Sailing

Another use of wind power even older than wind pumps is also
being revived. Fishermen and shipping companies lookipg to
reduct fuel costs are adapting sails for tItir.vessels. Using new.
desigds based 'on modern synthetic materials and computes-
assisted contral systems, modern mariners are proving that
sailing boats can once again serve practical ends. A major stu4y
sponsored by the U.S. Maritime Agency concluded in 19S1
that a combination sail-and-diesel system is more economical
than either used alone. (The power fraction provided by the
wind should ideally be between 20 and 30 percent, depending
on how high the average winds are.n

The use of wind power appears mosl feasible on coastal
cargo vessels anit fishing boats. Many suckcraft travel in areas
with steady winds, and their relatively smair size makes it easier
to adapt sai.1 technology. The Phoenix, a 20-meter two-masted

.schooner launched in 1982; provides convenientdransportation
for passengers and c4nmercial gobds around Long Island
Sound, with.a 20 to 25 percent fuel saiings. Another ship, the
6o-meter Creek vessel Mini Lace, was chosen as one of the ten
outstanding engineering accomplishments of 1980 for its ener-
gy-saving sail.retrofit. More difficult is harnessing wind power
on large vessels, but a Japanese company has already built a
sail-assisted 3,000-ton oil tanker and has plans to constrtict one
thiee times its size.20

For developing countries sail-powered boats may have an
especially important role to play. The thousands of small

21 3
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fishing and cargo vessels so essential to the economies of devel-
oping natifvs with extensive coastlineilrat Lir/large amounts of
oil. 'Sailing vessels could/be the answer, as successful reliance
on sail power in parts of the Philippines, and Sri Lanka shows
If the promise of such examples or the results of feasibility
studies are arinmeasure, sails could again become a common
sight in the wbrld's commercial fleets. However, as Lloyd
Bergeson, a designer Of sail-power4d ships, noted in 1982, "It
took us nearly a century to change from sail to steam, and it
will take a w,ile to change 'back again.!'21

Electricay'from Small Wind Machines

Although the wind has been used to generate electricity since
before the turn of the century, it has never been a widespread
power source. Today change is in the air. 'Electricity price
increases and technology iinprovements have given the small
wind turbine industry a new lease on life.

Befbre the seventies virtually all wind turbines were used at
remote sites with no access to an electricity grid: The machines
small and connected,to ,storage batterieswer*designed
specifically with that market in mind. Approximat* 2o,000
direct-current wind turhines of this sort are in nse today at fire
lookouts, remote airfields, isolated ranches, coastal buoys, and
the like. Althoukh the power these wind machines generate
costs more than 200 per kilowatt-hour, other means of genera-

ting electricity in remote .areas cost eydn more.22

Tqlijay one of the most important technological and eco-
nomic chagges afoot is the development ofwind power systenis
that do not require batteries. Modenftechnologies convert the
direct current produced by a wind turbine into alternating
current that can be fed directly into the utility grid. Instead of
relying on batteries or going without power when the wind dies
down, the user draws electricity from the utility's lines just like
other customer's do. When winds are high and' electricity needs
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low, excess power automatically enters the electric lines and is
sold to other customers.

Most of these recently developed wind turbines have a hpri-
zontal axis and two to four blades that rotate at speeds that vary
with the wind speed. Most face upwind of the tower with a tail
mounted behind the rotor to maintain this position. A few
mddels face downwind, which eliminates the need for a tail,
but can cause air turbulence phklems. With blades of metal,
wood, or fiber glass, the new wind machines are stronger and
lighter than older models. Most have blade diameters of 5
meters or less and generating capacities of between 2 and 5
kilowatts (enough to supply the power needed by a typical
modern residence in a windy area). 'Interest is growing in some-
what larger machines of up to 5o kilowatts that could be used
by farms or small industries.23

These new wind-energy systems are most popular in Den-
mark and the United States, largely because of high winds, a
tradition of wind power use, and favorable "utility policies in
both countries. In the United States approximately forty
manufacturers field 2,400 small Wind machtnes in 1981. Yet
even in these countries the industry is ybung and subject to
normal growing pains. Some firms are barely surviving, selling
only a handf14:of wind turbines a year, and the quality of the
machines sold is still uneven.24

Wind turbine manufacturers are working hard to resolve
these difficulties. They are beginning to replace some "off the
shelf" components with those engineered specifically for wind-
turbine use, and both private industry and government pro-
grams are aimed at increasing rotor efficiency and making
transmissions and generators more reliable. Needed still are
lightweight, inexpetisive, yet rugged blades and lightWeight,
flexible toWers designed specifically for wind turbines.23

To break into the mass market wind machines must be
reliable and have life spans of at least twenty years. Ned Coffin
whp, heads the Enertech Corporation, a leading U.S. firm,
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notes. "The key to our business is making a windmill that is
idiot proof. It has to be maintenance-free like an icebox." The
pace at which costs come down, sales expand, and reliability
improves will, of course, be deterMined in part by large-scale
production and assembly techniques. The largest firms in busi-
ness today produce only a few hundred wind m'achines per
year, which means that each turbine is essentially handmade

)and that the wind-turbine fild is about as far along as the auto
Industry was before Henry Ford introduced the Model T.
Manufacturing wind turbines on an assembly line would be
even easier than assembling cars. On a production line several
thousand wind machines a year could be turned out at substan-
tially -rduced costs, even if the technology were not otherwise
improved.26

Today a typical household-sized wind energy system or 3 to
5 kilowatts costs between $5,000 and $20,000 and generates
electricity for upward of 150 per kilowatt hour. At this price
wind-generated electricity costs between 50 and ioo percent
more than electricity from a central grid, so further cost reduc-

#--:tions are clearly needed. Yet wind-turbine researchers believe
that technological improvements such as those just described
could bring generating costs down to approximately 50 to ioo
per kilowatt hour where the wind averages 1 2 miles per hour.
Then small wind turbines would enjoy a huge market in many
areas of the world.27

Designs still being investigated could turn out to be both
more effective and less expensive than the best conventional
machines marketed today. Vertical-axis wind machines resem:
bling miniature merry-go-rounds are already being marketed by
one company in Great Britain and another in the United
States, though these machines' commercial future depends
heavily on further research. Another promising alternative, the
sailwing turbine developed at Princeton University, has two
curved blades made of wire and cloth. Private industry and
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several governments are testing a number of other designs that
may one day reach the market.28

One particularly promising idea has yet to receive the atten-
tion it deservesusing wind turbines to heat water for space
heating. Recently developed "heat churns" that use 'mechani-
cal power to heat water are well suited for use with a rotating
wind turbine. In windy regions such a device would even now
be cheaper than electric resistance heating, and soon it may
cost less than fossil-fuel heating in most regions. In Canada and
northern Europe, where heating needs are great and winter
winds strong, wind-powered churns could be ideal.29

Wind Power for Utilities

Quintessentially.glecentralized, wind may nevertheless power
centralized energy systems operated by or for utilities in the
coming decades. By clustering large numbers of wind turbines
in areas where wind speeds average 14 to 20 miles per hour,
"wind farmers" can generate electricity for transmission to
industrial and urban areas. Since most areas with such extra-
ordinary winds are only thinly inhabited, wind farms represent
the only way the energy potential of these regions can be
tapped,.

One step in making wind farms a reality is technological.
Large turbines appear to have an important long-run advantage
for use on wind farms since they are -cheaper to build on a
per-kilowatt basis and they can more fully exploit a windy
site." Since the early seventies engineers in several countries
have been working to develop technologically sophistic'ated
turbines that would dwarf those Don Quixote charged at la
Mancha.

Typically, a wind machine is considered large if its capacity
is ioo kilowatts or more, but several machines capable of gener-
ating at least 1,000 to 4,000 kilowatts (1 to 4 megawatts) are
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in the works. Along with various machines with capacities of
zoo to i,000 kilowatts, five types of multirnegawatt wind ma-
chines are currently being developed in three countries. The
largest of these machines could generate sufficient power for
over i,000 typical U.S. homes or for perhap's twice as many
residences in -countries where electficity use is lower. Yet it
would take a wind farm with 500 of these large turbines to
generate as much power as one of the large thermal power

,
plants in use today."

In basic appearance large and small turbines are quite simi-
lar. But other differences are great. Large wind machines, es-
sentially an aerospace techno1og4, require meticulous engineer-
ing. Their blades are typically as long as a jumbo jet's wings
usually nv.0 .56. metersand the latest computer 'technology
controls.tbOlades' angle and rotational speed. The stressinn
these Vales 'is enormous, so designing them to hold uP in
beavy winds has been a world-class engineering challenge for
the high-technology firms that dominate the business. In both
the United States and Europe engineers who cut their teeth
on jet aircraft technology are directing large-turbine research.

,
efforts.32

The United States has been a pioneer in the deyelopment
of large wind machines. In 1975 the U.S. National Aeronautics
and Space Administration (NASA) began contracting with
private firms to develop a series of large horizontal-axis tur-
bines. Under the Department of,Energy's supervision this plo-
gram has resulted in a commercial effort to install thirty-six
3,5oo-kilowatt turbines at'a wind farm in dalifornia for $400
million. Designed by Boeing, these breathtaking machines
(called Mod-2s) have two narrow bladet that describe an arc
nearly loo meters in diameter. On a clear day the turbines can
be seen from five miles awa .33

.
.

Plans for other, more adv ced but less expensive wind
turbines are continuing but have een slowed by the Reagan
administration. Meanwhile, howev r, two U.S. companies-

-
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the Bendix Company and the Hamilton Standard Corporation
have developed large wind machines. These turbines are at
the prototype stage, but early perforthance data indicate that
theY too could yield poWer that competes economically with
that from conventional power plants. The key to unlocking
that potential is to improve the reliability of the large wind
machines'-particuliMy their capacity to operate safely in
unusually high windsso that.they can become standard litii-
ity equipment.34

Since the U.S. program was launched, Canada, Denmark,
Great Britain, the, Jo etherlands, the Soyiet Union, Sweden, and
West Germany hlte begun to develop large turbines. One of

A

the most impressive efforts is taking place in Denmark, where
engineers hope a 630-kilowatt machine they have designed will
soon be used widely on Denmark's coast. In England Taylor
Woodrow Construction, Ltd., a major engineering firm that
also builds nuclear powei plants, is under government contract
to design a ,Ooo-kilowatt wind turbine that could be mass
produced e late eighties.35

Another esigñ, the Darrieus wind turbine, is also coming
into its own. The governments of Canada and the United
States have separately financed the development of this "up-
iide-down eggbeater." With two or three, curved aluminum
blades turning a central upright shaft attached to a ground-
based transmission and generator, the Darrieus works well in
high winds. 'the blades extend close to the ground where less
wind is available, however, and they must withsta'nd varying
levels of force as they pass in and out of the "eye" of the wind.
It is still uncertain whether Darrieus machines will ever enjoy
wide use.36

As research on electricity-producing machines continues,
utilities are looking for ways to make use of arrays of large wind
machines on wind farms. As of 1981, 1 io U.S. utilities had
wind-energy 'programs, up from just 50 in 1979. Althougli most
are just small demonstration projects or feasibility studies, sev-

4
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eral utilities are on the verge of making major commitinents to
wind power. In Great Britain the Central Electricity Genera-
ting Board is seriously studying the nation's potential for wind
farm use. Iri the Netherlandrtfl e. national electricity associa-
tion, SEP, is developing a io-megawatt experimental wind
farm and plans to use wind power to generate 7 percent of the
country's electricity in the year 2000.37 -

Meanwhile, commereial development of wind farms has
begun in the United States. The world's first wind farm began
operation in Vermont in 1981, relying on 30-kilowatt turbines-
developed by U.S. Windikwer, Inc. Since the , over twenty
wind farm contracts have been signed, including one for a large
80-megawatt project in Hawaii and one for ft 125-megaWatt
project in northern California.38

California is clearly the.world's pio er in wind farming.
Blessed with mountain passes and other ideal wind sites, Cali-
fornia also has a state government keen enough on wind to
enact its own wind-energy tax credits, conduct wind resource
assessments, and require utilitieito buy power from wind farms
at a fair price. By the end of 1982 California had 1,000 wind
machines with a total capacity of 6e; megawatts located at a,
dozen windifarms, and the industry continues to grow explO-
sively. Most of these wind farms employ small and medium-
sized turbines, each with a capacity of between io and roo
kilowatts, but large rnukimegawatt turbines will be used at
some projects now in the planning stages. The California En-
ergy Commission's go' al is for the state tO have 700 megawatts
of wind farms by 1987. and 4,000 megawatts by the 'end of the'
century.30 .

Much of the early work in developing wind farms in Caldor-
nia and elsewhere in the United States is being carried out by
small innovative firms f o ed wecifically to tap this poWer
source. Companies such a§ U.S. Windpower, Inc. and Wind-
farms Limited have starte signing contracts with utility com-
panies to supply wind-generated electricity at the same price
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as power from newly built conventional plants. Themnall wind-
energy entrepreneurs typically locate their own financing and
lease the land on which the machines are constructed. Aided
by generous federal and state tax incentives, these firms can
invest in new power sources that utilities will not develop on
their own. For the utilities, tapping the wind in this manner
is of course risk-free,.so entrepreneurialism bridges.,the institu-
tional gap that poses the largest rentaining barrier to wind
powees widespread use.

The economic verdict on wind farms is now clear. If well-
designed wind machines are placed at good wind sites, electric-
ity can already be generated for as little as too per kilowatt
hour. In parts of California, the North American Midwest,
northern Europe, and many developing countries where oil-
generated electricity is common, wind farms are close to being
economically viable now. \Vhen wind farms employ later gen-
erations of mass-produced wind power technologies, studies in
Europe and the United States indicate they will be able to
prodtice electricity that costs between 30 and 70 per kilowatt
hour. By the dineties wind farms,will likely have an economic
advantage over coal and nuclear power plants in many parts of
the world. Until then, what is most needed is More work aimed
at increasing these machines' reliability.°

Obstacles and Opportunities

Of course, even wind power's economic appeal does not seal
its future. The environmental 'impact of large wind machind
as well as the effect of wind power on utility company planning
loom as important constraints. Then, too, outdated govern-
ment policies could impede the spread of wind machines, and
few nations have fully Charted their wind resources or launched
adequate research programs.

As with many energy technologies, the land-use effects of
wind machines arc key determinants of their acceptability.
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Historfh and emironmentalist Roderick Nash has observed,
"Most people do not yet fully realize that obtaining a meaning-
ful amount of power from the wind involves far more than a
few picturesque structures surrounded by tulip beds." Indeed,
a wind farm with a generating capacity equivalent to that of
a 1,000 megawatt power plant would require approximately 82
square kilometers of land. Meeting the California goal of pro-
viding io peicent of the state's generating capacity with wind
firms requires placing between io,000 and ioo,000 wind ma-
chines on approximately 615 square kilometers (two-tenths of

percent of the state's land area). More generally, then, wind-
rich countries should be able to get up to half of their electric-
ity from wind machines that will occupy no more than 1
percent of their Iand.41

The most important land-use issUe surrounding wind power
development is not the total amount of land needed. Instead,
it is the potential for ruining scenic wilderness areas or other
highly valued land: Clearly, many areas must be kept off limits
for wind machines. -However, detailed wind assessments show
that many good sites exist on land used only for livestock
grazing, an activity quite compatible with wind fartning.42
Even large wind turbines are graceful and relatively nondisrup-
tive structures, so dual land use shoold be possible outside of
national parks and other scenic areas. Countries with ample
wind should be able to get between io and 25 Percent of their
electticity from the wind without running up against serious
land-use constraints.

Noise and safety concerns are another matter. Annoying
sounds and inaudible vibrations have been a problem with
some experimental wind machines. These problems are avoid-
able, and wind machine designers are now working to ensure
that wind turbines are quiet neighbors. As for safety factors,
they will prevent the installation of wind turbines in many
densely populated communities. Blade loss is the greatest dan-
ger, and even small machines can inflict harm if they fall apart
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in a heavy wind. Manufacturing and installation codes are
clearly needed and some communities have adopted regula-
tions to prevent wind machines from being set up too close to
a neighbor's property: Many cities will probably want to ban
wind devices entirely, especially considering how paltry wind
potential is in mpst urban areas.43 .

Television interferenee is another problem, particularly with
larger turbines with metal blades. Usually, the effect is, quite
localized, though some large experimental wind machines have
caused video distortion a few kilometers away. Some recently
developed wind maChines have fiberglass blades, largely Solving
the pioblem. Another more exiiensive remedy is to install cable
television in the affected areas. This problem clearly needs
more work, and unless resolved, television interference could
impede wind power development in some areas.44

In U.S. communities where wind turbines have already been
erected and public opinion surveys have been carried out, the
machines have been well received, so long as there is no noise
or television interference.45 In environmental terms, wind en-
ergy is a refreshing contrast to air-polluting coal plants and
potentially dangerous nuclear reactors. However, the use of
virtually all technologies entails trade-offs, and continued at-
tention t wind power's environmental impact will be ess'thitial
if wind to be a major and welcomed energy source. Eneourag-

. ingly, such concerns are being aired early.
Another critical influence on wind power's future is electric

utility policy. The most economical way to use wind generators
is to connect them to electricity grids. Yet utility inteiest in
wind poweris halfhearted in most regions. Utilities are accus-
tomed to investing only in established, risk-free technologies,
and wind_ machines are only now beginning to meet those
criteria. At the same time, many utility managed view wind
power as a threat to utilities' monopoly on power production.
As a result, some have enacted unnecessarily stringent require-
ments for wind machine owners who want to interconnect
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with:the electricity gtid. Others will pay only low rates for the
power produced by wind machines:Even in California govern-
ment had to pressure utilities to use wind power. True, the use
of wind erTgy presents some new challenges for utility plan-
ning, but.none is insurmountable. The overriding point is that
utilities hard-pressed to finance additional capacity stand to
gain by hooking up with small power producers who could save
them the initial invystment. And soon wind power will be less
expensive than coal and nuclear power.

Some skeptics argue that utilities need a more dependable,
less intermittent source than wind to bcost their capacity. But
these critics tend to overlook the unexpected plant shutdowns
that make even córentional power plants much less than ioo

.percent reliable. Nuclear power plants'in the United States
operate on the average at only about 50 percent of theirlated
capacity. A single shutdown of such a large plant causes havoc
for utility managers ,who must always have some generating
capacity in reserve just in case. Similarly, wind machines some-
times do not operate because of a lack of wind, but this prob-
lem can be reduced if thousands of wind machines are spread
over a wide area. If developed carefully, wind power can pro-
vide reliable electricity and actually add strength to utility
grids."

A few progressive utility companies have already begun plan-
ning how best to integrate wind power into their electricity
grids. One promising strategy is to operate wind turbines in
conjunction with hydropower plants. By operating the hydro
facilities at full capacity when the wind is not blowing and by
slowing them down wheh the breezes are abundant, utilities
can derive maximum benefit from wind machines. The north-
western United States, the James Bay region of eastern Can-
ada, most of Scandinavia, and parts of the Soviet Union all
have large hydropower and wind power resources located

6, nearly side by side.47 Also essential to successful integration of
wind power with a utility grid are electricity pricing policies
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that encourage the use of power when it costs least to produce
--,--that is, when the wind is blowing.

Government support is also needed for the succesgui devel-
opment of wind power. The large strides being made in Den-
mark and California would not have been possible without tax
credits. Tax incentives reduce the investment risk and thus
stimulate the early development of the Wind power industry.
Similar subsidies -elsewhere in the World could for relatively
small sums make the wind power industry strong and indepen-
dent. Pioneeiing countries could find themselves with an im-
portant new export technology to boot.

Also deserving of government financial support are programs
for introducing wind pumps and turbines in the rural Third
World. Already, many developing country governments and
international aid agencies finance the import of diesel engines
and other technologies that are more expensive and less reliable
than wind machines. Such agencies could also help individuals
and _communities buy windmills and help local industries ac-
quire the means to manufacture them.

So far, most government support for wind power has 'been
through research and development programs, mainly on large
wind machines. Although many, of these programs have en-
countered technical problems, steady progress since the early
seventies has resulted in the development of several large,
commercially ready wind machines.

To support development of wind pumps and small turbines,
governments have done much less. Some say these machines
are simpler and already highly develoiied, and thus require less
assistance. While this is true, it fails to justify the huge dispar-
ity in funding levels, especially when pne considers the contri:
bution these smaller machines could make. Unfortunately,
most governments seem attracted almost exclusively to high-
technology utility-oriented research programs. Still, many
countrie§ have in_recent years begun small-wind-power devel-
opment projects. Denmark 'and the United States have helped
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industry by establishing test centers that allow private compa-
nies to test their small wind turbines free of chargea move
that helps consumers too. Cooperation between manufacturers
and government on other aspects of the design and use of small
wind machines.would certainly assist the spreid of this technol-
ogy.48

Although- government support for winci energy technology
expanded throughout the seventies, it has recently stagnated
and even fallen. Particularly dramatic are the cuts in the U.S.
wind energy programthe world's largest. From a peak of $6o
million in 1980 the U.S. wind power R & D budget was cut
to $35 million in 1982ironically, just as the wind power
industry was reaching the critical take-off stage. Yet by going
beyond traditional basic research and channeling funds into
advanced engineering modificatiOns and demonstration pro-
jects, government could help companies to commercialize
wind machines much sooner than they' otherwise would."

, Unfortunately such programs have been almost eliminated by
.the Reagan administration's budget cutters. In some cases the
reductions are akin to stopping work on a bridge only a few
meters short of completion. \

Another important task for governments is wind resource
assessments. Wind iurveys have been carried out haphazardly
so far, so knowledge is sketchy. Because the amount of-wind
available is critical and can vary widely over short distances,
governments need, to publish general information on the
amount of wind inon area, as well as lend wind-measuring
equipment to individuals or utility companies evaluating a par-
ticular location. Such inventories will he essential in mapping
out wind-energy development programs, and they could help
mobilize buiiness support for these efforts.

In California wind assessments helped energy offiCials revise
their opinion of the state's wind-power potential. Because early
estimates were based on data recor ed at airports whose loca-
tions are chosen in part because thy lack wind, California's
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wind potential had been underestiMated. More thorough
meteorological calculations revealed a verttable treasure. Cali-
fornia's wind piospectors have already found sites for wind
farms the could together generate 5,500 megawatts, mainly in
windy mountain passes that are relatively unpopulated and yet
reasonably close to urban centers. Now "wind prospecting" is
a growing business in California, and in some parts the state
early assessments have set off a small land rush."

The international sharing of information onlwind availabil-
ity and of ways to obtain the data could boost wind power
development significantly, particularly in poor countries. Not,
inventorying its own wind resources, the United States will 1r
in a good position to help other nations do the same. The U.N.
WorTd Meteorological Organization has also become involved
in wind-energy assessments, publishing in 1981 a map showing
the general world distribution of wind resources.51 This agency
and relevant professional organizations could adopt standard-
iied assessment procedures and information channels, as agri-
cultural and scientific research centers now do.

Wind's Energy Prospect

While detailed Wind data is still scarce, enough information
has been collected to assess the wind energy prospect broadly.
By almost any account, simple mechanical windmills hold tre-
mendous promise for areas where lifting water is a critical
energy need. Since wind pumps can be used.effectively where
wind speeds average as low as eight miles per hour, they can
be used on well oyer half the earth's' land area. Most countries
can make at least,limited use of mechanical wind pumps, and
in such semiarid regions as East Africa, the Indian subconti-
nent, northern Argentina, northeast Brazil, Mexico, and Peru,
they could be a godsend. Only in tropical areas that lack good
trade winds is their use out of the question.52

How widely wind pumps are used will depend primarily on

227



214 Renewable Energy

efforts to make them available and get them adopted in Third
World countries. Success will come first where wind pumps are
well matched to current water needsparts of southern Asia
where small-plot agriculture is practiced and parts of Africa
where brief but heavy rains could fill reservoirs with water that
could be putped for irrigation during the windy dry months.
Agricultural extension services and rural cooperatives can _pro-
vide the institutional impetus for such projects, while national
governments and international aid agencies can provide the
financial muscle.

How much energy these wind pumps could supply is difficult
to estimate.,.Compared to major commercial energy sources,
the amount is probably not large. Btit in terms of the number
of people whose lives could be improved, the contribution
would be tremendous. By the middle of the next century,
several hundred million farmers, villagers, and rural poor could
be benefiting from wind energy.

Electricity-generating wind machines cannot be used as
widely as wind pumps, but their potential is nonetheless large.
Prdiminary data indicate an abundance of sites for individual
wind machines and wind farms throughout the world's north-
ern temperate zone, especially in the plains regions of China,
North America, northern Europe, and the Soviet Union.
Coastlines also offer good wind power potential. Denmark,
buffeted by strong winds near the North Sea, already has about
500 small wind turbines in pseperhaps the largest concentra-
tion in the world.53 In tropical developing countries, wind
power generation will probably be most common along Africa's
northwest coast, South America's west coast, and on windy
islands such as those in the Caribbean and Mediterranean
regions where the only source of electricity is expensive diesel
generators.

Small wind turbinescould be the first technology that allows
a significant number of individuals to generate their own
power. An extensive survey sponsored by the U.S. Solar Energy

228



Wind Power A Turning Point 215

Research Institute in 1980 included a ,detaliked evaluation of
the many considerations that affect market potentialwind
speed, utility rates, income level, housing density, and the like.
The study concluded that 3.8 million homes and hundreds of
thousands of farms in the rural United States are well suited
to the use of small wind generators.54 If this study is right, the
United States could one day have several million small wind
turbines in use at homes and farms, providing 8 percent of the
nation's current electricity usi..

In the countryside wind can be used for everything from
operating milking equipment to running household appliances.
Accordingly both the residential and agricultural markets are
expected to grow rapidly. The largest market will probably be
for relatively small turbines capable of generating perhaps 3 to
5 kilowattsenough for one household's needs. Intermediate,
lo-to-5o kilowatt, machines will also enjoy sales growth as they
are put to use in more industries, large farms, and towns.
Businesses in particularly windy regions could boost their in-
come by selling power back to the utility.

These sales notwithstanding, the power generated at wind
farms may double that produced by individual machines. As
California has proven, the wind farm concept is technically
feasible and economically appealing. Extensive searches for
wind farm sites have begun elsewhere in the United States, and
preliminary surveys have been conducted in some Western
European countries and the Soviet Union. Many regions with
major wind farm potential have been identified, and many
more will undoubtedly be found as wind prospecting takes
hold. .

For coastal nations, one possibility may be placing wind
farms offshore. According to an extensive feasibility study car- m

ried out in Great Britain by Taylor Woodrow, an engineering
firm, platforms similar to those used for oil drilling could be
built in the North Sea and a submarine cable could conduct
power to a central relay station onshore. Even with all the extra
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coits entailed M working at sea, the study concluded, offshore
wind farms may soon be economically competitive with British
nuclear reactors:55

Together, wind farms and independent wind machines
should one day provide 20 tO 30 percent of the electricity many
countries need. Even where winds are not high and the overall
electricity supply systems are not very compatible with wind
power, it can_make some contribution. Overall, it seems reason-
able to expect that if electricity generation worldswide increases
another 50 percent the wind can one day provide 12 percent
of total generating capacitythat is 350 gigawattsor slightly
less than io percent of actual power generationthat is
90o,00o gigawatt hours. In other words, wind power should be
able to provide io exajoules of primary energy, or about half
as much as hydropower does today. This would require millions
of wind machines and perhaps half of i percent of the world's
land.56

Surrounded by uncertainties, the pace of wind power devel-
opment is difficult to predict firmly., One "if" is the wind
turbine industry: Wind machines must become more reliable
and be mass produced if they are to be used widely. Public and
private investments over the next five to ten years may well lay
the groundivOrk for rapid expansion by the late eighties accord-
ing to industry observers. Also critical now are programs to
carry out wind assessments, modify utility policies, and ensure
the environmental acce tability of wind power. Under .favor-
able but less than id conditions, Wind power could provide
a few thousand megiwa enerating capacity by 19sto and
as much as 20,000 megawatts the century's end.

Once the initial market breakthrough is made, the wiiid
power field could unfold rapidly. Among other things, M-
creased investments and the pioneering work being carried out
in Denmark, California, and other areas are erasing some of the
credibility problems that originally plagued wind energy. Some
engineers and technocrats who earlier steered clear of "uncon-
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ventional" technologies are new enthused about wind power,
as are an increasing number of rural development planners,
utility executives:and consumers. If recent technical achieve-
ments are backed up by effectii,e. industry and government
policies, wind power could reach the all-important turning
point.

;
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Geothermal Energy
The Powering Inferno

1,A"7""

One major renewable soUrce of energy does not come am.'
sunlight. Geothermal energy comes directly from the eafth's
vast subsurface storehouse of heat. Like the sun's energy; that
heat is the protQt of gravitational collisions, atomic reactions,
and radioactive decay. Just as the sun will eventually cool, so,
too, will the earth. But meanwhilefor millenniait can sup-
ply immense amounts of energy.'

By no stretch of the imagination is geothermal heat today
oil's equal, or even wood's. The twenty countries that tise"
geothermal energy for purposes besides bathing cull approxi-
mately 0.5 exajoules of energy each year, 6o percent of it in the
form of direct heat and the rest as electricity. Although not yet
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a major component of the global energy budget, this is enough
direct heat td meet the needs of over ,2 million houses in a cold
climate and sufficient electricity for 1.5 million houses.2

'Geothermal energy use is rising rapidly. Where resources are
abundant and accessible, geothermal power is already an en-
ergy bargain, usually less expensive than electricity generated
by coal and nuclear power plants. If technological advances
proceed apace, the few countries that have already committed
themselves to geothermal development will be joined by doz-
ens more:

Subterranean Fires

All geothermal heat comes from magmathe molten roa that
underlies the earth's roughly 40-kilometer-thick crust. While
temperatures typically increase only 25°C with each kilometer
of depth, temperatures as high as 36ec are in some areas
found close enough to the surface-2 kilometersto be
reached with current drilling technology. These anomalous
"hot spots" are also home for volcanoes, gOsers, and hot
springs.3

Most geothermal activity occurs where two plates of, the
earth's crust meet, allowing the cauldron of fire to teach close
to the surface. As a result, the world's geothermal riches in"-
elude the area where the mid-Atlantic ridge bisects Iceland,
areas around the Mediterranean, the Rift Valley in East Africa,

'and the,"Ring of Fire" that extends around. the Pacific Basin.
Yet even outside these areas, which comprise about io percent
of the world's land mass, are abundant lower-temperature geo-
thermal deposits.4

The world'sgeothermal resources fall into four broad classes,
each of which has unique problems and possibilities. Hydro-
thermal reservoirs are found 'wheie permeable, water-bearing
rock sits atop very hot, impermeable rock. There, water touch-
ing the heat source rises to the surface, Cools slightly, and flows
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outward and down to be heated again. Over time this water
reaches an equilibrium temperature, ranging from only slightly
above that of groundwater to far above boiling. Lower-temper-
ature hydrgthermal reservoirs are widespread, whereas re-
sources wiih water (or steam) over, 15ec are limited to a few
regions. A few hydrothermal deposits have sufficient tempera-
ture and pressure to yield dry steam, the most valued geother-
Mal resource.5

While hydrothermal reservoirs are the primary source of
geothermal efiergy today, the three other tyks of geothermal
energy also have long-run potential. "Geopressured" reservoirs
are formed when plarit matter trapped in sedimentary basins
,decomposei and produces methanethe main component of
natural gas. As the overlying sediments exert increasing force,
the pretsure .and heat build. Such reservoirs are nOt as wide-
sprAtid as conventional hydrothermal reservoir& but in the U.S.
CZ Coast and a few other areas they are abundant.6

Hot dry rock and magma are the ultimate geothermal re-
sources, but using either poses difficult problems. Utilizing the
hot dry rock found throughout the world will require develop-
ing a novel heat-extraction technology since there is no natu-
rally circulating water present. As for magma itself, tapping its
heat will probably be confined to volcanoes and other geophysi-
cal anomalies that bring magma close to the surface. Technolo-
gies for using the hellish temperatures found at such sites have
yet to be developed.

One spur to developing geothermal energy is ihe extent of
the resource. The earth contains substantially more energy
within it than humanity has used so far. Yet exactly how much
energy, can be tapped and where remain largely unanswered
questions. Only modest geothermal resource surveys have been
carried out until now. What these crude estimates .cio make
clear is that geothermal energy is much more abundant than
was once believed and is sufficient to allow a vast expansion in
its use.7

,
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The-Earth's Energy in Harness

Making use of the earth's heat is not a new idea. For millennia
people have flocked to hot springs. Two thousand years ago
both the Romins and the Japanese were relaxing in elaborate
geothermal hot bathsr By the ninth century Icelanders were
using geothermal heat for cooking. In the Middle Ages several
thwns scattered around Europe distributed naturally hot water
to heat houses.8 .

While geothermal technology has ac---11ced far in recent
decades, the simplest uses remain among the most popular.
Japan's 1,5oo.hot spr, s resorts are visited by ioo million
people each year, mple, and require no drilling, little
piping, and a minima ent. Yet it would take five large

iconventonal power plan heat these baths were nature less
obliging. In parts of Mexico people wash clothes with naturally
hot water. Some' Thais and Guatemalans use it to boil vegeta-
bles and tea.9

In the Philippines and Kenya some crops are dried with
low-temperature geothermal heat. In Idaho an aquaculture
facility that usesseothermal wat r has iound that the fish grow
25 percent, faster and seldom suc umb to disease. The largest
agricultural application is greenho eatini. Hungary already
has 70 hectares of geotherrnal greenhouses in use, while Italy
is saving $600,000 of fuel oil a year by using several such
greenhouses.10

In scattered applications geothermal heat has also found a
place in industry. In northern Iceland a mineral-processing
plant uses geothermal energy to remove the moisture from
siliceous earth. In New Zealand the Tasman Pulp and Paper
Company relocated its.mills during the 1950s to be near geo-
thermal energy sources. Saving 30 percent on energy, the com-
pany pockets an extra $1.3 million annually now. At Brady's
Hot Springs, Nevada, an onion-dehydration plant using geo-
thermal energy is saving $300,00o per year, though to motivate
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the company's managers to expand the original plant and con-
struct an additional one.11 :

Heating homes is the widest application of geothermal en-
trgy today. Since the turn of the century, the residents of
'Klamath Falls, Oregon, have drilled More than 400 wells to tap
the 40' to 1 i ec water beneath their houses for space- and
domestic waterheating. Hovusehold wells there have heat ex-
changers -that transfer heat frorn the briny subterranean reser-
voir to the pure water circulating to the house. Usinra heat
exchanger conserves the resource, minimizes corrosion, and
skirti the problem of waste-water disposal. These systems cost
from $5,000 to $1o,000, and the.one-time investment can in
many cases be shared among several households so that the
life-cycle costs compare fav'orahly with conventional heating
options.12

Further boosting the economies of shared systems, many
communities have turned togeothermal district heating. The
most impressive example is Iceland, whose immense geother,
mal resources provide 75 percent of the population with heat.
In Reykjavik, the capital, nearly all of the city's 112,000 people
use heat from two geothermal fields under the city and from
another 15 kilometers away. Visitors to this frigid.city in the
1930s recall the pall of coal and wood smoke that engulfed it
in winter. Today the air is clear, and home heating costs 75
percent less than it would using fuel oil.13

Where human settlements sit astride geotheimal resources,
low-temperature, district heating is an unbeatable bargain.14
Careful planning and major investments by a local government
or special heating district re needed, but large fuel savings
justify both. A few such systems are already in plate ireFrance,
Hungary, the Soviet Union, and the United States, as well as
in Iceland.

To boost the efficiency and, thus, the economics"of geother-
mal heating, some systems feature heat pumps. These'electrical
devices send a refrigerant, usually freon, through a series of
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chambers in which heat is extracted from one medium (such
as naturally hot water) and transferred to another (such as air).
If a heat pump is used, geothermal water at relatively low
temperatures and even ordinary groundwater can be employed
for heating. Some 50,000 groundwater heat pumps are in use
in the United States, and the National Water Well Association
predicts that rural use will expand rapidly. This is bound to
happen, especially if groundwater heat pumps can be adapted
to provide cooling in the summeran intriguing idea still
being tested." ,

Even more popular than the direct-use of geothermal heat
today is its use in electricity generation. Small wonder. Moving
hot water is expensive because insulated pipelines are expen-
siv.e. Indeed, a 60-kilometer pipeline,in Iceland is the world's
longest. If converted to electricity, however, the energy in
more distant geothermal sources can be put to use in cities and
factories. Today approximately one hundred geothermal power
plants of from o.5 to 120 megawatts of capacity are operating
in fourteen countries. (See Table 10. 1.) Including a few com-
mercial plants and many experimental ones, the total genera-
ting capacity is approximately 2,5,00 megawatts and rising ra-
pidly.16 . .

The simplest technology for generating electricity is the dry
steam system used at steam-only reservoirs. Only four such
systems are, in opbration, two commercial complexes in Italy
and tlie United Statel and two smaller systems in Lndonesia
and Japan. Electricity generation at these rare but prime sites
is mainly a matter of piping the steam to a standard turbine.
The lirgest complex is one at the Geysers in northern Califor-
nia that as of 1982 used 40,0 wells and 17 separate power plants
to provide 100o megawatts of generating capacity for the Pa-
cific Gas & Electric Company and other 'utilities-. These plants
are among the, most reliable and least expensive sources of
electricity in the state.17

More common are geothermal reservoirs that contain both

I
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Table lo. 1. Worldwide Geothermal Capacity in 2981 and Plans for
the Year 2000

Country / 981 2000

United States.
Philippines
Italy
New Zealand
MC:620

932
446

440
203
180

(megawatts)

5;82124,54.

800
, 382 +

4000
Japan 168

:8:°°495865

El Salvador 95
Iceland 41

8:059520:

Kenya 15

Soviet Union 1 1

Azores 3 .3
Indonesia 2

China 2

Turkey
Costa Rica

0.5
o

931

Nicaragua o
Ethiopia o

.Chile o
France o

Total 2,538.5
++++++++

73.,,65363

Source DiPippo, "Geothermal Power Plants: Worldwide Survey," and United Na-
tions Conference on New and Renewable Sources of Energy, "Report of the Technical
Panel on Geothermal Energy."

steam a. nd water. Plants that tap this less ideal form of geother-
mal energy are found in at least ten countries, though many
such projects are still experimental. Ope of the most successful
facilities is the one in Wairakei, New Zealand. In nearly con-
tinuous operation since the mid-sixties, this reliable igo-
megawatt plant has nonetheless run into problems. Electricity
generation at the site declined during its early years, apparently
becaUse water was being 'extracted faster than 'it was being
replaced. Generation has stabilized in the last decade, how-
ever.18

IF
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Wherever high-temperature geothermal water or steam is
available, electricity generation looks to be an attractive propo-
sition. Such areas are rarer than those suited for direct use, but
electricity's versatility Makes their rapid development a near
certainty.

.61

Technological Frontiers

The cost of harnessing geothermal energy would drop precipi-
tously if three technicalthallenges were met. One is improving
the means of locating and drilling for geothermal resources.
Another is finding ways to use more abundant, lower-tempera-
ture resources for electricity generation. The last is overcoming
the corrosion and`pollutiOn problems associated with the use
of mineral-laden geothermal water.

The presence of hot springs and the like made finding most
of the geothermil reservoirs now in use easy. Yet though many
identified reseivoirs have not yet been developed, attention has
already -turned to means of finding now hidden geothermal
resources. Undoubtedly, some industries and urban areas sit
atop geothermal resources that contain cheap energy they des-
perately need. But which cities and which industries? Most
exploration and drilling relies on techniques similar to those
used in natural gas development, and so petroleum companies
are heavily involved ih many geothermal projects. Their geolo-
gists have developed sophisticated remote-sensing techniques
that are being adapted to geothermal energy prospecting.
Chance still enters in, but such techniques 'ciin pinpoint the
most promising drilling sites and reduce the number of "dry"
well d4ed.

At plisent, drilling wells accounts for more than half the
cost of some geothermal projects. A deep geothermal well can
cost several hundred thousand dollars, twice the cost of the
average oil well. When petroleum drilling techniques are
adapted to the unique conditions orgeothermal reservoirs,
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o0Sts should fall, though by how much is hard to predict.
Fred Hart lei', president of the Union Oil Company of Cali-
fornia, optimistically contends that the cost of geothermal
wellg can be halved.° Also needed are simple and accurate
means of estimating short- and long-term production from geo-
thermal wells so that planners and investors can make sound
decisions.

Then, toO, the pace of geothermal development will pick up
when generating plants can make use of the more abundant
geotheunal resources that contain both steam and water. The
conventional "separated steam" design employed in several ,

countries uses the naturally available steam alone to run the
turbines. In .more efficient "double flash" plants in use in
Iceland, japan, the Philippines, and New Zealand, hot water
brought to the surface is directed to a vessel where the pressure
is reduced 'and additional Steam is generated. These plants have
met with some Minor corrosion problems, but for steam and
water over 200'C, double flash plants are likely soon to he the
most widely used technology.20

. .

A recent geothermal innovation that allows efficient electric-
ity generation using lower-temperature water between 15o'C.
and' zooC is the binary cycle plant. At these mainly experi-
mental facilities, geothermal water is circulqted in a closed loop .

and run through heat exchangeillhat transfer the geothermal
heat to a secondary working fluid with a low bdiling- point.
Sinée the moderately heatedworking -fluid vaporizes and runs
kturbine, relatively low-temperature geothermal water can be
used. Testing in piloti4ants in ,China, japan, and the United...
States indicates that more reseaich Ind operating expeyience
is needed, but also that for the long run the binary plant.
appears to be a most promising design.21 . , .

Another way to use. geothermal heat effibiefitlyls to employ .

the-same resource for both electricity generation and _direct
thermal usesin effect geothermal' pogenerition. Wateidis-

...

24 0



Geothermal Energy: The Powering Inferno 227

charged from geothermal generating plants can be hot enough
to use for residential heating or industrial processes. In two
Japanese plants discharged geothermal water is distributed to
households for space heating, cooking, and bathing.22

Impurities are a common problem at many geothermal en-
ergy projects. Picked up from subterranean rock by the hot
circulating water, such nuisance materials as salts and silicates
give rise to scaling and corrosion. While the geothermal water
at Reykjavik is pure enough to drink, mineral concentrations
have forced other plants to close. Moreover, the materials that
corrode or scale the inside of a geothermal system often be-
come pollution outside it. Hydrogen sulfide, a noxious gas that
smells like rotten eggs, is the worst culprit. Found at almost all
geothermal sites, occasionally it is concentrated enough to
cause lung paralysis, nausea, and other health problems. At
Larderello, Italy, emissions of hydrogen sulfide that are seventy
times the U.S. Environmental Protection Agency's suggesed
standard have been detected. Pollution-control devices devel-
oped for use on coal gas .can remove approximately go percent
of the hydrogen sulfide, but so jar only the Geysers plant in
California and a few others use them. At less than io percent
of the systems' cost, expense is no excuse for this lapse, geother-
mal plants need not become major polluters.23

Mercury, arsenic, and other potentially dangerous sub-
Stances are found dissolved in ,geothermal water. Unfortu-
nately, many plants simply discharge the toxic water they use
into nearby streams and lakes. The river into which the Waira-
kei plant in New Zealand discharges its water has arsenic
concentrations two to five times as high as those permitted in
U.S. drinking water.24 These problems could trow severe if no
aCtion is taken, but fortunately most of the dissolved,sub-
stances can be kept out of water supplies by chemical removal
or by reinjecting the geothermal water back into its subterra-
nean reservoir.

. .
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Reinjection could also lessen other problems. One is subsi-
dence. In some areas where large amounts of geothermal water
/are withdrawn from the earth, the land has started to sink. At
Wairakei the ground level drops 20 to 6o centimeters Per year.
Like other subterranean processes, this one is pOorly under-
stood. Even so it can probably be forestalled by reinjecting the
geothermal water to maintain the underground pressure bal-
ance. Reinjection is already used at many projects, but tech-
niques need to be made more effective and affordable One
danger is that reinjected geothermal water could contiginate
groundwater, a hazard that must be avoided.25

Another approach to avoiding subsidence and groundwater
contamination is tO place heat exchangers in the geothermal
reservoir so that watei does, not have to be extracted at all
in many ways the cleanest, most elegant solution. A U.S. manu-
facturer, the Sperry Corporation, is develoPing a heat ex-
changer thafit claims will generate electricity 2S efficiently 2S
a binary plant although using geothermal water that is signifi-
cantly cooler.26 These systems remain at an early stage of
development, however, and whether they will live up to expec-
tations is uncertain.

Geothermal Horizons

To date only hydrothermal depositsgeothermal reservoirs
containing steam, hot water, or bothhave been exiiloited
commercially. But alongside the heat in "geopressured". depos-.
its of methane-saturated water, hot dry rock, and magma, even
the substantial amount of energy in hydrothermal reservoirs
seems paltry.

In 1975 the U.S. Department of Energy began assessing
"geopressured" methane reserves at the site of the largest,
known reservoir along the Gulf of Mexico: There wells are
being drilled to depths of .3 to 6 kilometers to determine

,
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whether the volume, temperature, and methane concentration
are high enough to make the resource commercially exploit-
able. Early signs are not encouraging. Reservoir pools appear
to be smaller and more expensive to reach than originally
anticipated, so industry is losing interest. Even if the economic
picture were to brighten, "geopressured" deposits entail serious
pollution and subsidence problems that would be hard to re-
solve since the high pressure makes reinjection difficult.27

Hot dry rock is 4 much more common geothermal resource.
It is widely distributed around the world. If a circulating fluid
can be introduced into fractured rock, naturally occurring hy-
drothermal systems can be mimicked. Researchers in both
England and New Mexico have demonstrated the feasibility of
extracting usable energy from hot dry rock. (Hydraulic fractur-
ing techniques were used at Fenton Hill in New Mexico and
explosives at Cornwall in England.) But making this an eco-
nomical source of energy requires considerably more research.
Finding suRcient water to use hot dry rock could also be a
consti'aint in many parts of the world.28

The ultimate technological challenge for geothermal engi-
neers is to use molten rock directly. Although most of this
magma is inaccessible, volcanoes sometimes bring molten rock
with temperatures over igoec close to the surface. SOeral
years ago the Soviet Union announced a plan to build a.5,000-
megawatt power plant using magma at the Avachinski Volcano
on the Kamchatka Peninsula. Construction. has yet to begin,
however; and many geothermal experts consider the idea un-
workable. The only kiiiiVe of actual use of lava's extraordi-
nary heat is in Iceland. On the island of Heimaey, a yolcanic
eruption that occurred in 1973 and forted the evacuation of
a town of 5,000 people has provided a lava pool that the
returning townspeople have tapped for district heat. In gen-
eral, however, materials and equipment must be improved
liefore it makes sense to use volcanic heat directly.29
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Hot-Water Institutions

,Like all renewable energy sources, geothermal energy cannot
flourish until various institutions make accommodation. But in
the case of geothermal developmedr some institutional exper-
tise can be borrowed from the petroleum and utility industries.
In particular, geothermal resource suiyeys similar to oil and gas
surveys can be borrowed, As with petroleum, government's role
here is to condnct the broad preliminary assessments that indi-
cate whether and where the private sector should carry out
more detailed surveys. Most countries with major geothermal
development programs, including the Philippines and the
United States, have begun such surveys, though few are as
extensive -Is they might be."

The legal status of geothermal resources also remains uncer-
tain and potentially bothersome. In many countries the govern-
ment owns all mineral resources, including geothermal depos-
its, found beneath the earth's surface, so it must participate in
their development. In the United States, on the other hand,
the law varies by 'State, and many landowners are unsure of
their geotherrnal energy development rights. In most market
economies it makes sense to follow the petroleum model, giv-
ing the private sector primary responsibility for developing
geothermal energy, but standardizing leasing procedures, and
charging the industry myalty fees if the state owns the re-

-'source.31
As geothermal resource policies are developed, environmen-

tal considerations must be woven into them. A major geother-
mal development can turn an area, of tens of square kilometers
into a giant construction site covered with piping; wells,, and
power stations. Some of the most valuable areas for geothermal
development are even more highly valued for iheir aesthefic
qualities. Some hot springs and geysers are held to be national
treasures and are found in national parks entirely off limits to
developers.
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For privately owned geothermal resources, too, it is wise to
deVelop geothermal energy carefully and to assess the potential
environmental consequences. In the United States, for exam-
ple, some fear that geothermal development just outside Yel-
lowstone Park could irreparably damage the spectacular geysers
within the park. And the Japan Hot Springs Association has
formally opposed the government's geothermal plans on the
grounds that they could damage Japan's many hot springs
resorts. To minimize the environmental impact of geothermal
development, governments can limit plant size, regulate pollu-
tion levels, and ensure that adjoining uses for the land are
compatible with geothermal development. Although such in-
dustrial and zoning requirements may at first seem constrict-
ing, they ultimately work to the benefit.of geothermal develop-
ers Given a firm set of guidelines at the outset, they can avoid
most legal uncertainties and disputes thereafter.32

Even where access to an economical geothermal resource is
undisputed, financial considerations can stall development. In
the early stages of a project, risk is high since expensive explor-
atory wells must be drilled with no guarantee of success, and
few utilities, local governments, or small companies can afford
such high risks. It is no surprise, then, that national govern-
ments, oil companies, and venture capital firms are financing
most geothermal exploration. In the Philippines, for instance,
a subsidiary of the Union Oil Company of California has

_signed'a contract with'the Philippines government and is the
principal geothermal developer. In developing countries finan-
cial constraints are particularly acute, but such international
financial institutions as the World Bank and the regional devel-
opment banks have begun to support geothermal projects
there.3 3

An approach to risk sharing taken in France, Iceland, and
the United* States is for the government to reimburse some
proportion of the cost of exploratory wells. In Iceland an En-
ergy Futid provides loans to cover 6o percent of exploration
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and drilling costs. If the well is successful, the loan is repaid at
normal bank rates using the proceeds from the project. If it is
dry, the loambecomes a casItgrant and the project is dropped.
These incentives have been successful, but they must be care-
Plly designed and their use monitored so that they do not
encourage frivolous projects with little chance of success. Ide-
ally, the private developer should venture some capital and
assume a reasonable risk, while government should receive
royalty payments for successful projects.34 ,

Beyond the initial exploration, even establishing commercial
facilities at identified geothermal sites involves financial uncer-
tainties since some of the technologies are so new. Few lenders
can supply large blocks of capital at reasonable interest rates for
experimental technologies, so some form of government incen-
tive will in most cases be needed initially. In the United States
the government grants a geothermal tax credit of 15 percent
that can be added to a staudard investment credit of io percent
and a depletion allowance similar to that permitted for petro-
leum development. So far these incentives have stirred up only
slight interest. To cultivate more, government could make tax
breaks more generous, though direct subsidiei may be a more
effective and equitable alternative.35 .

Municipal governments have a vital role to play, in some
forms of geothermal development. Most district heating sys-
tems are owned and operated by municipal governments and
regulated as public utilities, so they have 'guaranteed Markets
and access to capital at relatively low interest rates. The city
government of ,Reykjavik has developed a successhil 'geother-
mal heating system, providing a Model that other geothermally
rich cities may want to copy.36 .

For electricity generation using geothermal energy, electric
utilities are ob ous y e key institution in most countries.
With their a ss to lo -interest capital, utilities can manage
such large inves ents wi ye ease. Moreover, geother-
mal plants shou 4 have special appeal since they are extremely
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reliable, operating at a higher proportion of rated capacity than
either coal or nuclear power plants. At the Geysers in Califor-
nia, the Pacific Gas .& Electric Company has financed and
owns most of the power plants built so far, though utilities
without such plum sites to exploit have naturally been slower
to get involved. While reluctance to take on projects perceived
as too,risky for customergand stockholders is forgivable, para-
noia about new technologies that could widen the options for
electricity generation and lack of imagination are not. Utility
managers are beginning to wake up to the benefits of geother:
mal energy, but in many regions pressure from governments
and citizens groups seems to be the necessary nudge:37

The Geothermal Prospect

Expanding more tfian io percent per year since the mid-seven-
ties, geothermal energy use appears likely to increase/Ave-. to
tenfold by the end of the century." Direct heat and electricity
generation from geothermal sources 'are likely to share in this
growth, though the industrial countries will place more empha-
sis on direct heat and the Third World more on electricity
generation. Naturally, early development efforts will stay con-
centrated in those countries with abundant and easily accessi-
ble resources. Gradually, however, the use of geothermal en-
ergy Will expand, particularly as technologies for using less
accessible or lower-grade sources are developed. 1

Estimates of how quickly the direct use of geothermal heat
will grow vary widely. Now less than o30.exajokie.s per year
(enough to heat 2 million typical buildings in a northern cli-,
mate), geothermal heal.use could by the turn of the century
amount to between i and 3 exajoules, depending on how many
countries shape and act on firm plans. Iceland expects 82

-.percent of the country's homes to be- using geotterrnal heat
within-three to five years. France, which has low-temperature
geothermal resources underlying hvo-thirds of its land area,

at,
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aims to have a half-million geothermally heated homes by two
and to supply one-tenth of the country's low-temperature heat
using geothermal energy by the year 2000.'9

Canada, China, Japan, the Soviet Union, and the United
States could also exesand the direct use of. geothermal heat
dramaticallY. China's national exploratay program has paid
off: GeOthermal resources that a few years Ego seemed negligi-
ble today appear abundant indeed. Approximately 2,300 hot
spots have been identified, and geothermal experts believe
China alone may harness more than 0.1 exajoules per year in ,

direct geothermal heat by logo. In the Soviet Union, much of
which 'is underlain by low-temperature geothermal deposits,
several district heating projects are underway. In the United,
States no big direct-use projects are yet on the drawing board,
and government support .is anything but solid. Nevertheless,
U.S. geothermal heat use in the year 2000 could range frorn
a 1 to 1 exajoulesenough to meet 1 to to percent of U.S.
residential, space heating needs.40 . .,...

Geothermal electricity development has alsO been erupting
in recent years. National plans for the year 2000 add up to over
17,000 megawatts, nearly seven times t current level. One-
third of this total or 5,80o megawatts will in e United
States. Surprisingly, though, many of the new plants will be
built .outside of the four industrial nations that have thus far
pioneered in' geothermal electricityItaly, Japan, New Zea-
land, and the 'United States. El Salvador in some years already
generates one- ird of its power supply using geothermal en-,
ergy, and /Vie co plans to build 600 megawatts of geothermal
capacity by tfe mid-eighties. Other developing countries with
noteworthy geothermal programs include Chile, Costa Rica,
Indonesia, and Turkey.41

Second only to the United States' geothermal power efforts
are the Philippines'. Although the country has less than 500
megawatts of geothermal generating capacity today, it plans to
have over 1,200 megawatts by 1989. Eyenttially,, geothermal

i''1
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energy will rival hydropower as the countri's largest electricity
source. Earmarking $347 million for this program over the next
several years, Me Philippines is launching major exploration
efforts and technology-development programs. Short on fossil
fuels and eager to build industries and "electrify" villages, the
government will also construct an undersea transmission cable
lo transport geothermal electricity baa neighboring island. Few
other developing countries are investing comparable amounts
of time or talent in sophisticated new energy tehno1ogies.42

By any sound reckoning, geothermal energy use-will be sub-
stantial in the year 2000. But it will figure much more promi-
nently in some national and regional energy economies than in
others. Such countries as Iceland and the Phiiippine& will draw
heavily on their rich geothermal endowrnent, but overall; geo-
thermal sources will furnish no more than i to 2 percent of the
total world energy supply until the technology for tapping
them improves and some industries relocate to geothermally
rich regions. Still, such constraints do not mean that geother-
mal power cannot gradually become another strong link in a
diierse global energy system.

c-
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Working Togetber
Renewable Energy's

Potential

olar watei heaters are found atop .more. than 5 million.
, houses that relied on fossil fuels a 4jecade ago. Wind machines
that in 1973 meiely snmmoned up memories of a bygone era
are raPidly becomifig a standard powecsotirce for utilities.
Community forestry projects, um:lb-way in no more than a
smattering of nations in the early seventies, ae now found in
more than fife,/ nations. This, is certain progressthe vanguard
of ihe renewable energy development effort. .

"But what about the future? an' trie various renewable,
..sources of energy together provide sufficient eriergy for modem

societies? And if so, how long will it take and what will the
transitional period be, like?
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Such questions can be addressed only by stepping back from
assessments of the individual renewable energy technologies,
and taking a wider view of renewable energy's prospects. The
simple technical Or economic potential-Of an energy source .

means little unles.s. coppled With an understanding of the needs
the resource.is.to meet. Hmisehold cooking, aluminum smelt-
ing, and automobile manufacturing, for example, each use

_
energy in a different, uniquely evolving way. The maiu Ties-
lion it how in each of the major end uses renewable energy
sonrces can interact with conventionathels, otherrenewable
sources, and with efficiency improvements to 'provide economi-
cal and safe energy.

The broad picture that emerges here is one of diversity.
Tomorrow's various needs, resource availabilities, and evolving
technologies will .combine in different ways in different coun-
tries so that no two national energy systems will be exactly
alike. t ven -within nations, energy systems will rely on six or
eight major sources rather than on three or four, as most do
today. Renewable energy's future has the potential to be much
more than the sum of its parts. By working together in innova

.'tive and 'productive ways, renewable energy tecknologies can'
form a strong base to supcirt societies... ,

'Rebuilding
. .

TOday roughly one-quarter of global energy use goes to heat,
cool, and light buildings, and another 5 percent is used in water
heaters and other appliances. Two-thirds of this total comes
directly or indirectly from oil and natural gas, premium fuels
that conld be.put to better use in automobiles, petrochemical
production, and .industries:1_ The ilimediacy of the problems, :
has begotten many solutions and already energy. conservation
and renewable technologies are influencing the shapei of the
world's buildings. Substantial optimisM is warranted since
many of the least complicated, most economical renewable
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energy technologies will play their largest iole in buildings.
Increased efficiency is the first step in reducing energy bills

in buildings virtually everywhere. In small residential buildings
such measures as adding insulation and employing improved
furnaces and air conditioners can reduce energy needs by 25
ta 50 percent at a minimal cost. In larger apartment and
commercial buiklings, combining such simple conservation
measures with computer-controlled energy-management sys-
tems can result in similar improvements. Even more encourag-
ing, architects and engineers now know how to build new
buildings that use 75 to oo percent less fuel than conventional
buildings do. Statistics for the industrial,countries show reduc-
tions in energy use in existing buildings averaging io percent
or more in the last decide alone.2

As the energy needs of buildings declide, supplying the
remaihing needs with renewable resource's becomes, easier.
Fewer solar collectors or wind machines are 'needed to supply
sufficient heat or electricity to an _efficient building, for in-
stance, and many renewable energy technologies that would
not be ecanomically viable in a conventional house are so in a
"low energy" one. _Still, cost remains paramount in determin-
ing renewable energy use in buildings. Large capital outlays are
beyond the pale for Most building owners even if the new
technology will pay for itself in fuel savings in a few years. Ease
of maintenance is also criticaesince few people want to spend
'Mich time fiddling with a faulty energy device.

By all of these criteria, passive solar design shines brightly.
Energy efficiency and solar design complement and reinforce
each other, and once conservation has reduced heating needs
to a certain point, passive solar design becomes even more
cost-effective than further conservation measures. Climate-sen-
sitive buildings are both inexpensive and uncomplicated, fac-
tors that have already found them a following in the middle-
income housing market in some countries. The simple
practicality of climate-sensitive design virtually guarantees that
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one day it will be employed in varying forms throughout *the
world. Based on cufrent trends there could be as many as loo
million such buildings by the year z000.3

Climate sensitive designs will be coupled with other renew-
able energy technologies. Solar collectors, the original vanguard
renewable energy technology, are, for instance, the most eco-
nomical means of heating water in many regions. Since they
can easily be added to existing houses, solar collectors have the
potential to catch on rapidly, as is seen in Japan where u
percenrof homes are already using the devices. By the end of
the century, solar collectors should be a thoroughly conven-
tional household appliance, with 50 to loo million gracing the
world's roofs.

BUildings can also become their own power stations, al-
though the eventual popularity of such systems is difficult to
calculate. Photovoltaic panels mounted on rooftops and small
wind turbines in the backyard have the potential soon to be
economical means of electricity generation under the right
conditions. Wind turbines will likely be restricted mainly to
rural areas, but rooft6p solar cells could become a common
suburban and even central city technology. Such systems have
the potential to give individuals a measure of energy indepen-,,
dence that is unheard of in the modern world, transforming
`consumers" into "pr6ducers."

Other renewable energy sources have an imporkint but lim-
ited role to play in buildings. Contrary to forecasts made in the
mid-seventies, residential wood use will, grow during the next
two decades, especially in such forest-rich regions as North
America, Scandinavia, azid the Soviet Union. Fuelwood, reli-
an"ce is inconvenient and eZpensive in many cities and suburbs,
however, and residential use tliere will be limited by a lack of
ready access to wood supplies and by increasing cOmpetition
from industrial users. In the aggregate, household reliance on
fuelwood in industrial countries will probably double and could
triple by the end of the century, supplying 10 to 20 percent of
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residential energy in most nations.
.In cities with cold climates district heating using municipal

solid wa4e, wood, geothermal energy, or solar ponds will be an
important supplementary source of heat. Already many Euro-
pean cities Make use of district heating, solving waste disposal
problems at the same time. District heating is efficient and
inexpensive, and it can make use of first one conventional or
renewable fuel and then another as the relative prices of energy
sources shift. While other renewable energy technOlogies en-
courage individual building owners to work independently, this
one will push them to cooperate.

Local adaptation is obviously essential to successful use of
renewable energy in buildings. In relatively mild climates a
climate-sensitive design combined With solar collectors for hot
water could provide most of the energy needed. In a large
northern city a superinsulated townhouse or apartment build-
ing could ieature rooftop solar collectori and derive most of its
space heat from a garbage-fired central heating plant. In a
humid, tropical region a climate-sensitive design might be as-
sisted by a solar pOWered air conditioner.

Virtually all regions have the potential to power their build-.
, ings with renewable energy. It will be up to local communities
and individuals to overcome the institutional and financial
barriers that are the largest impediments to a 'transformation
of the world's buildings. Davis, California, is a ziodel. Its
comprehensive building code, innovative developers, and en-
thusiastic citizens have encouraged a solar energy and conserva-
tion revolution and have begun to wean the town of fossil
fuels' .4 Dozens of other cities are in the process of writing their
own versions of the Davis success story, and today this is one
of the most exciting frontiers in renewable energy.
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A Fresh Start for Indust)y

The world's industries currently account for approximately
one-third of global energy use, though the percentage varies
widely by country. Industry's energy requirements are highest
in nations that produce aluminurri, cement, chemicals, or steel;
They are lowest where agriculture or light industry dominates
the economy. Here the line between developed and developing
countries break& down. japan, the Soviet Union, Brazil, India,
and the Philippines all use a large share of their energy in
industry.5

In many countries the productivity of energy has taken its
place alongside the productivity of labor as a tey measure of
industrial achievement. In the United States, for example, the
more energy-intensive industries together spent 55 percent of
their research and development fundsor over $5 billionon
reducing fuel requirements in 1980. Across japan, Europe, and
North America industrial energy use has leveled off, even
fallen, while the output of industrial products continues to
increase. In Japan the steel industry has cut energy consump-
tion per unit of production by 12 percent.6

All signs point to continuing energy-efficiency improve-
ments and a gradual shift of emphasis toward more fundamen-
tal changes that require larger investments or more sophis-
ticated technologies. As the record-breaking recession of the
early eighties ends, many companies will be introducing.new
energy efficient technologies at a rapid pace.

Just as industry has realized the potential of energy conserva-
tion, so too has it begun to evaluate renewable energy's role in
increasing profits. As renewable energy inveitments become
profitable, they will Multiply, though on an application by
application and .use by use basis. The catch is that renewable
energy technologies cost more on average than does conserva-
tion and the commensurate risk is higher, so businesses are
slower to respond. One impetus for renewable energy invest-
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meat is the major changes in plant equipment dictated by the,
need to improve efficiency or generally upgrade technologies.
Renewable energy equipment can be added at the same time
for a relatiVely modest cost. New cogenerators or conventional
boilers can easily be designed to run on biomass fuels as v/ell
as coal or natural gas, giving a plant manager welcome ffexibil-
ity.

Today wood is the most rapidly growing renewable energy
source in industry, mainly as a substitute forl fuel oil in indus-
trial boilers. In fact, the wood products industry is fast ap-
proaching energy self-sufficieney, while various other industries
located in forested areas are also turning to wood. Already
Brazil relies heavily on charcoal for smelting steel and half of
all new industil boilers sold in the United States are wood-,
fired. In the fu re gasified wood is likely-to find a place in
industries that lequire g clean, steady energy supplysuch as
brick and textile production. WoOd's industrial future is so
bright that in some northern temperate nations and in heavily
forested countries in the developing world wood could overtake
coal as the fastest *owing industrial fuel.

Roughly half of industrial energy use goes to produce direct
heat, and in the United States more than one-third of this heat
is low-temperatureless than 8o*Cand fully 8o percent is
at temperatures below 600*C.7 To reach these temperatures,
simple solar collector systems are appropriate at the lower end
of the spectrum and solar concentrators and solar ponds at the
upper end. Geothermal energy could figure importantly here,
too. Most industrial solar and geothermal systems are unlikely
to begin making a major contribution fOr at least a decade, but
progress could accelerate rapidly thereafter. Eventually, many
industries will probably begin to relocate to take advantage of
solar and geothermal energy.

Industry employs energY in more diverse ways thaW does any
other sector. Besides heat and the electricity needed in electrol-
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ysis and mechanical systems, specialized energy requirements
include metallurgical coal for the steel inilustry and petroleum
feedstocks' for petrochemical production. Some of these needs
will be very difficult to meet with anything but fossil ftiels, but
this should not preclude rapid progress toward meeting larger,
more flexible energy needs with renewable sources.

Renewable Energy on the Farm

Renewable energy could give agriculture a new lease on life.
Farming has grown increasingly energy-intensive in recent
years, with oil-fueled equipment now performing many tasks
once done by People Or animals. Heavy use of fertilizers, pesti-
cides, and irrigation are maladapted legacies of the era of cheap
fuel. Although agriculture accounts on average for only 3.5
percent of the commercial energy used in industrial countries
and 5 percent in developing countries, nearly all the energy it
uses is in the form of highly valued liquid fuels and electricity.8

Several factors bode well for renewable energy's use in agri-
culture. Most farms have ample land for solar collectors, wind
machines, and other dev,ices. Most farms use energy in forms
well-matched to mime of the renewable resources. And many
farmers are comfortable handling a variety of technologies and
adapting new deyices to their needswitness the quick spread
of wind pumps throughout rural Mirth America in the late
oineteenth century.9

Producing biological fuell, including ethanol, methanol, and
biogas, is a logical first step for farmers. Agricultural wastes are
widely available for fuel production, and they could be supple-
mented by special energy crops or forest materials, Some farms
may use a small share of jheir land to 'grow crops such as
sorghum, Jerusalem artichokes, or sunflower seeds that can
provide fuel for their tractors. Fast-growing trees could be
another popular energy crop_ It may also make sense for farm-

_
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ers' cooperatives to build bio-fuel plants: FarMers could con-
tribute feedstock wastes and draw out a proportional amount
of fuel, selling ,the rest.

Direct use of solar energy is one of the most attractive
options on many farms. Low-temperature solar, heat can be
used for drying crops and heating faith` buildings. In the
United States more hogs than people live in solar heated
"hornes," and solar milking parlors are popular as well. Solar
grain dryers are also being used by North American farmers
today. Where the crops are not too moisture-laden and the
grain can be dried gradually, these dryers have performed well.
Most of these systems are still bunt on the farm, but most likely
commercial systems will be developed soon, particularly if en:
couraged by government programs or farmers cooperatives.
Meantime, Only innovative farmers who are good with their
hands have solar grain dryers or heaters.w

Traditionally, wind power has been widely used for water
pumping...Today wind pumps suitable foi small farms and
livestock grazing are enjoying a renaissance. Large irrigated
farms, however, can probably Make better use of pumps pow-
ered by photovoltaicssystems that for now remain experi-
mental and costly but nevertheless have the best chance ulti-
mately of meeting modern irrigation's high energy demands."

Farms may also be in a good position to generate their own
electricity in the near future. Surveys indicate that there is
ample wind available for electricity generation in most temper-
ate farming regions and ample sunlight for electricity genera-
tion on most farms everywhere. As these technologies are per-
fected, energy farming and crop farming could increasingly go
hand in hand. By the nineties farms could be adding strength
and diversity to utility grids.

In agriculture renewable energy is a good fit. Much of the
energy used on farms is needed in summer and autumn when
sunlight is abundant, and the forms of energy needed are in
some cases those rpost readdy available. Over the long rim. most
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agriculture should become energy self-sufficient. In the in-
terim, however, technologies will have to be refined and energy.
efficiency improved.

Energy for the Rural Poor

The energy problems of modem industry or agriculture pale
beside those of the world's poor. For the roughly 2 billion
people in developing countries that rely mainly onoitielwood
and agricultural wastel to meet energy needs, choices are con-
strained by shortages of traditional fuels and of resources to pay
for new ones. The world's poor thus confront energy problems
in immediate human termsas a daily scramble to find fuel to
cook the family's meal or heat its honie. As the World Bank
noted gloomily in 1981, "'The crisis in traditional energy sup-,
plies is a quiet one, but it poses a. clear danger in the lives of
much of the population of the developing world."12

The world's rural peasants and villagers use only a tiny sbare
of the world's energy, and small additional amounts could
provide large benefits. Yet many energy programs introduced
in developing countries are grim parodies of those in industrial
nations. The emphasis is on large power plants and imported
fuels that can aid in industrialization, but that do not touch the
lives of the poor majority. Many nations have begun to right
this imbalance in recent years, an overdue development given
further impetus by the United Nations Conference on New
and Renewable Sources of Energy held in Nairobi in 1981.
Representatives of both industrial and developing countries
emphasized the overriding importance of rural energy solu-
tions. Unfortunately, financial commitments here continue to
lag behind rhetorical ones.13 .

Shortages and abuses,of fuelwood and other biological en-
ergy sources are the crUx of the rural energy problem, andino
conventional or renewable fuel can be substituted quickly and
at a reasonable cost for a large share of these traditional fuels.
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In the next decade or two only wiser management and more
efficient use of biomass fuels can save the day. Establishing
large forestry programs and introducing efficient wood stoves
pose, no stupifying teChnical challenges, but the massive efforts
needed will require an unprecedented mobilization of human
and, financial resources.

In that sense bringing renewable fuels into use on a sustain-
able basis in the Third World is even more difficult than
deyeloping renewable energy sources from scratch in industrial
nations. Eventually, village wood lots and privately owned fuel-
wood plantations must be established so that natural forests are
not' plundered out of desperation. The new fuelwood suRplies
can be shared among community members and beconTE the
basis for new village industries. Erik Eckholm, an American
researcher who has studied community forestry programs;ob-
serves that "the process of creatiVe community action that
successful village forestry requires is the essence of what real
development is all about.:t

Other pressing rural e rgy.needs also require attention
crop drying, water pumping, mechanical power for agriculture,
heating, and refrigeration among them. A steadily increasing
stream of research and demonstration projects in the last dec...
ade ha.ve been aimed at evaluating the potential for renewahle
resources to meet these needs. The results haye been mixed.
While a few of the ideas that once 'generated excitement can
now be written off, most of the difficulties encountered indi-
cate not that the technologies must be scrapped, but that small
changes are .needed, particularly in the way they, are intrO-
duced. John Ashworth, a U.S. energy expert Who has visited
many rural development projects, notes that there is a growing
awareness that "new technologies must undergo adaptation in
order to be compatible with local cultural practices, loc'al needs
for technology, and the structure of the greater society."5

Among the most promising "new" renewable sources of
energy for rural areas is biogas. Ideal for cooking and lighting,
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as well as for electricity generation, biogas digesters allow, peo-
ple to use the energy in biological wastes without sacrificing the
valuable fertilizer they contaip. The key is toevelop inexpen-
siNe and easy-to-build community-sized biogas digesters. That
way all families (some offering onlY their labor) can participate,
not just livestock -owners. Of little use in extremely cold or arid
regions, biogas digesters could nonetheless be used in a sizable
share of rural communities.

.

An important rural .energy need is for electricity, small
amounts of which greatly improve living standards by provid-
ing power for agricultural equipment, refrigeration, and light-
ing. The 196os dream of extending central electric grids into
the heart of darkness" appeared to fade in the face of the
prohibitive costs of building so many power plants and electric
lines. Triclay it is evident that if the rural poor are to' have
electricity anytime.soon, small decentraked systems will have
'to provide much of it.

Now most out-of-the-way places rthat have electricity are
servedby dieielygenerators, typically run just a few hours a day
to supply power for agricultural equipment and for a few lights

..
in the evening. But diesel generators are expensive anda
bigger problemunreliable. They require regular maintenance
and an occasional complete overhaul. Since there are so few i
trained mechanics in rural villages, broken-down diesel genera-
tors are a common sight throughout the Third World today. .

Then, too, fuel supplies are by no means guaranteed in remote .

-villages served by pocked, mud-washed roads.16
Many diesel generators in rural use could be 'replaced by

more reliable renewable energy technologies that ould gener-
ate electricity for the same cost or less. 1('he sm ler the needs
to be served, the more the advantage shifts to renewable energy
technologies since ecorkomies of scale are larger for diesels.
Small-scale hydropower and biogas-fueled generators have al-
ready proven effective and economical. Wind power can also
provide electricity where wind is ample. Over 'the long-run,
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easy-to-maintain solar electric systems will probably be the
most popular way to generate precious electricity for village
and agricultural use.17

For irrigation, livestock watering, and, domestic water sup-
plies, wind pumps and solar pumps are the best bets. While
'they are an established technology, mechanical wind pumps
are still being adapted _to developing countries' needs. Still,
evidence indicates that in many areas, wind pumps can be both
cheaper and more reliable than diesel pumps, particularly in
'small-scale use. Solar pumps are 'less technically mature, but
their potential in windless areas looks great. 6; -

Other promising renewable energy technologies are still at
the trial-and-eiror stage. The initially cool reception to solar
cookers might.cbange if solar ovens with enough storage capac-
ity to work in the evening hours were developed. Solar refriger-
ation could be a big help in preserving medicine and food
where electricity is, not available, though moie work is needed
on this technologi. Many other good ideas are on thedrawing
boards, awaiting application or 'an engineering twist.
- It is a Popular notion today that the rurafpoor should lead

''.. the way to reliance on renewable energy. They do, it is true,
already rely heavily on renewable energy, but the difficulties the
Third World faces in using renewable energy on a sustainable,
economically productive basis are nonetheless substantial. De-
veloping countries' renewable resources are curreiitly eroding

. .
at a.frightening rate, and they often lack the technical expertise
or financial resources needed to develop or adapt new energy
technologies. However, working toward 'some realistic'goals=
moreefficient use of biomass energy and gradual introduction
of other renewable energy sourcescould greatly improve the
energy situation in rural arias in the near future while longer-
term solutions gre developed. So far only China has taken a
truly comprehensive approach to solving rural energy prob-
leins. Although cultural differences will prevent other countries
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from copying'the Chinese model exactly, that-nation's success-
ful use of biogas, small-scale hydropower, and community far-
estry despite minimum financial resources gives an idea of the
potential.

Transptatjon bilemmas

Providing inexpensive alternative fuels for automobiles, trucks,.
and aircraft is the problem within the energy problem. Trans-
portation vehicles use 20 tO 40 percent of the oil in most
nations or over 2 billion liters of liquid fuel a day.18 In many
developing Countries, dependence on automobiles and trucks
is nearly complete sinCe the capital investment needed to build
rail sysfems is prohibitive. Because oil-derived fuels pack a lot
of energy and are easrto transport; finding good substitutes will
be difficult.

Conservation and fuel-efficiency have begun to make a dent
in the transportation energy problem. In 1980 new cars sold in
the United States (which uses $14 million worth of gasoline
each bbur) were 50-Percent more efficient on-the average than
they were .in the early seventies.19 Less dramatic shifts are
occurrint elsewhere. These changes in new car fuel'efficiency
translate only slowly into reduced gasoline consumption since
many old cars remain on the road. But global gasoline,con-
sumption has already declined from its peak in. the late seven-
ties, and further reductions can be banIced upon.. In industrial
countries gasoline use per vehicle will probably fall an adc4tion
30 to 50 percent by the year 2000, though someof this decline
could be negated by increases in the nuinber of cars on the road
in the developing countries..

Among the alternatives to .gasoline, synthetic fuers derived
from coal or oil shle have ieceived the most attention. During

,---the seventies it was frequently predicted that future gasoline
.1 price hik would assure synthetic fuels' economic viability.

<,
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But as price rises occurred, "synfuels" continued to remain out
of reach. Today cost estimatd.s for synthetic fnels plants are
rising faster than gasoline prices, and both industry and govern-
ment are abandoning major projects after spending hundreds
of millions of dollars on them. No convincing evideuce indi-
cates that synfuels will ever be anything but a minor and
expensive replacement for gasoline.20

Electric cars are also being considered as an alternative to
gasoline-powered vehicles. Since electricity can be derived
from many types of energy, r,newable resources included, it
seems in some ways tohe a good power source for tomorroW's,,
automobile. But batteries developed so far are expensive and
inconvenient: They mthl be recharged every hundred miles
andseplaced after a few hundred rechargings. Battery research
continues ii3 government and private laboratories, but a br-eak-
through that would put electric cars on the commercial market
in large numbers before the year 'zoo° is unlikely. The next
generation may, however, see eleCtri6 vehicles widely used in
coMmercial fleets and later in privately-owned cars. Whether
electric batteries can ever largely replace gasoline is not yet
Inown.21

Hydrogen is a more Problematidal transportation fuel. It can
be produced from a range of conventional and renewable en-
erty resources that are first' converted to electricity, ans ineff-
cient and expensive. process, However, a new technique using
iron oxide holds out the potential of cheaply separating hydro-
gen from Water using sunlight directly: Hydrogen is a clean-
burning fuel, but because it is a gas at normal temperature and
pressure, hydrogen must be cooled and liquified*or chemically
converted before it can be stored in a fuel tanka minor
technicl problem but a major expense. In all, hydrogen is
unlikely to _hit the road during the next twentryears, but it
coul4 very well becomea popular automotive fuel after the turn

-
of the century.22
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The renewable fuel most acclaimed as an alternative to gaso-
line is, of course, ethanola 'form of alcohol obtained from
sugarcane, cereals, and many other crops. But the very fertile
agricultural land needed to prOduce these fuel crops is itself
under increasing pressure, and such alternati%es as cassava and
sweet -sorghum cannot measure up economically to sugarcane
or corn. For alcohol to become a major transportation fuel, new,
means of producing it must be found.

WoOd alcoholor methanolis the alternative fuel with
the most potential. Methanol can be produced from a wide
range of energy resources, including wood, biological wastes.,
coal, and natural gas. Already used, extensively as an industrial
chemical, methanol can be used in slightly modified internal
combustion engines thakcould be built for absout the same cost
as gasoline-powered ones. Essential to extensive use of meth-

, anol is finding inexpensixe ways to make it from %arious energy
cropsa search 'that is already paying off.

One of the most encouraging things about methanol is that
it might serve 'very well as a transitional fuel. The gradual shift
from natural gas to coal, wood, and waste products as feedstock
could go almost unnoticed by drivers. Different nations might
produce methanol from different feedstock materials, and
some could even want to export surplus methanol, making it
a common' energy currency.

Frank von Hippel, a senior research physicist at the Prince-
ton University Center for Energy and Environmental Studies,
observes. that "if you ean economically increase efficiency to,
say, 6o miles per gallon, then you can easily absorb the demand
with biomass."23 Indeed, improved fuel efficiency together
with greater use of public transportation are essential if we are
to maintain mobility while gradually switching to methanOI
and perhaps electricity and hydrogen in future years. Cars will
undoubtedly be among the last users of oil, however, and it will
be many decades before the transition is complete.
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Sustainable Electricity
. .

Like liquid fuels, electricitY is a P,articularly precious form of
energy. Used extensively in industry and buildings, it has
helped raise liv ing standards the World over. In industrial coun-
tries close to a third of natiorial energy use goes for, electricity
generation. Nearly half Of this comes from coal, a quarter from
oil and gas, and 8 percent from nuclear power. Rer,rewable
energy in the form of hydropower provhdes the remaining
fifth.24. .

. .
During the postwar- period, government and industry in

most nations vigorously promoted electricity use. The hard sell
paid off, largely because electricity is so versatile and because
technological improvements and mOre-efficient power plants
pushed price§ down. New plants inWestern Europe and the
United States averaged 150 megaviatts of capacity in 1950 and
409 megawatts in 1978. Growth in electricity use became
predictable, rising by 5 percent or more each year regardless of
economic ups and downs.25

In the seventies the electricity picture began to change dras-
tically. Rising capital costs caused in part by the need to limit
the social risks that large power plants pose combined with
high interest rates io boost electricity costs. Rising oil prices
caused additional increases. As a result, electricity..prices Icept
pace with or outstripped inflation in many nations. In response
consumers cut back, and slow economic groWth, acted as an
additional brake. The rate of growth in electricity use has fallen
from 6 percent to z to 3 percent in the United States and by
similar amounts in Europe. Unexpected conservation, in turn,
upset the highlrowth assumptions on whickAtility planning
has been based, and utilities found themselves with expensive'
but unneeded coal and nuclear power plants planned, or par-
tially built. Many of these plants have been canceled since the
mid-seventies, and some utilities are adapting to the new era
by investing heavily in load management and conservation.
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Many utility planners now recognize that conservation can
provide for consumers' needs at a lower cost than can -new
power plants:26

For_ utilities, the -newer sources of renewable energy are not
yet as sure a bet as energy conseration. But "renewables" are
climbing s eadily on utility agendas in many regions. Geother-
mal plants, wind turbines, photo-roltaics, and solar ponds are
beginning t compete economically with conventional power
plants now hder construction. Some utilities are using these
new small-scale technologies to cope with uncertain trends in
electricity use sincp the capital expenditures are modest and
they can add or delete generating units relatively quickly as
electricity use trends vacillate. The world leader in this en-
deavor is California, which will get most of its additional gener-
.ating capacity in the late eighties and nineties from cogenera-
tionrgeothermal pow'er, wind power, and solar power. Coal and
nuclear power plants originally planned for that period have all
been canceled.27

One of the chief concerns surrounding reliance on solar
power, wind power, and hydtopower for electricity generation
is the problem of power interruptions caused by hourly, daily,
or seasonal weather changes. While it is true that such fluctua-,
tions wilLplace limits on the use .of some renewable energy
sources, much of the problem can be alleviated through careful
planning. Luckily the problem does not even arise if the renew-

. able energy source contributes only a small proportion of the
overall generating capacity on an electric grid. And ag renew-
able energy becomes a .major power.source, the various genpra-
ting technologies can be balanced to ensure uninterrupted
power. Often windois available when sunlight isnot !and_ vice
versa. By interconnecting dispersed areas with different cli-
mates (and renewable energy resources), interruptions will be
fewer. HydropoWer has unique potential as a balancing agent
since water can be stored and power output increased or de-
creased as other energy sources on t/be grid Wax and wane.28
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In many regions electricity systems may be self-sufficient.
But in others long-distance trade in electricity may be neces-
sary to.enable regions to sell surplus renewable power and buy
it from others as needed. Modern computer-control systems
can regulate the flow of the electricity- and ensure that the
lowest-cost power is used at 'any given time. They can also
automatically-alter the price of the electricity according to how

. it is produced and when it i used: . .
Outside of California ofily a few utilities have wholeheart-,

edly embraced conservation and renewable energy so far, but
already .some impressive plans have beep put together. The
U.S. state of Havaii, -which today gets most of its electricity
from oil-fired power plants, plans to get between 79 'and 94
percent ,of it frOm indigenous renewable resources by 2005.
Large numbers of wincf turbines, geothermal plants, and ocean
therinal plants are projected tobe in place by then..The Philip-
pines has a similarly ambitious program under way, although
its emphasis is on wood-fired "dendrothermar plants, hydra
power dams, and geothermal plants. In the U.S.Tacific North-

.

west and.in New England several utilities have ambitious pro-
grams to develop renewable energy sciurces. Wind poi!er
developments are on theplapning tables of several utilities in
northern Europe, including Denmark; the Netherlands, and
Sweden.29 .

_

. . .

The key to making iiidesPread use ofelectridity generated
from renewable resources is making the change gradually so
that technical and institutional impediments can be ironed
out. Bypeans of productive conservation, utilities will be able
to buy time to experiment with new ways of generating and
distributing electricity. Renewable energy technologies can be
brought into action as they become economically cOmpetitive,
first with oil- and gas-fired plants and .then with new .coal and
nuclear power plants.30 By thus reducing costs and risks, utili-
ties can begin paving the way for a sustainable electricity sys-
tem. In the more distant future enormous diversity -is likely.:
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Most electricitygrids will be "fed" by combinations Of central
generating piojeds (such as Wind or sail. "farms") and decen-
tralized plants located at houses and iridustrid. I

Special note slioold .be taken of the electricitY problems
developing countriei face. Since most Third World nations
today use only small amounts of power, they will have to add
substantial generating capacity simplrto maintain modest eco-
nomic growth." Conservation will help, but it will still be
necessary to develop many new power sourcei in the near
future. MOst Third World electricity planners cannot afford to
await the outcome of experiments with new technologies For
'them, the best tack is to use their unexploited hydropower
resources in the interim. If they lack hydropower and must
expand coal- and oil-powered plants, cogeneration is the ticket.
Meanwhile, Officials in developing.countries must begin eValu-
ating their nations' renewable energy resources and considering
the adaptation of some of the new electricity-generating tech-
nologies being pioneered in the industrial world.

Adding Up the Numbers

Technology assessments and end-use analyses alike make it
clear that renewable resources' contribution to the global en-
ergy budget will grow steadily. If current trends continue and
governments adopt moderately supportive policies, renewable
energy use is likely to increase by at least 75 percent by the year
2000, rising from the 1980 level of 63.5 exajoules to between
113 and 135 exajoules. (See Table ii. 032 Renewable energy's
share of world energy use would thus rise from the current 18
percent to around 26 percent.

Such numbers inevital3:ly obscure .as much as they reveal
since the type of energy produced is as important as the quan-
tity, and the efficiency with which energy is Used varies enor-
mously. Today renewable energy actually supplies less useful
energy than these figures indicate. But in the future overall
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Table 11.-i. World Use of Renewable Energy, 198o, ?000, and
Potential

Source

Total

rg8o . 2000 .Cong-ternr potential

(exajoules)

Solar energy- passive design <o.i 3.5-7 20-30 .

Solar energy. residential coll6ctors <0.1 1.7 5-8
'Solar energy. industrial collectors <0.1 2.9 10-20
Solar energy: solar ponds <0.1 2-4 10-30+

Wood 35 48 ioo+
Crop residues 6.5 7
Animal dung 2 2

.

Biogas: small digesters 0.1 2-3 4-8
.. Biogas: feedlots <0.1 0.2 . 5+

Urban sewage and solkl waste 0.3 1.5 1.5+

Methanol from wood <0.1 1.5-3.0 20-30+
Energy crops o.i 15-20+

Hydropower '19.2 38-48 90+
Wind power <0.1 1-2 lo+
Solar photovoltaics <0.1 0.1-0.4 20+

Ceothermal energy 0.3 1-3 10-20+

63.5 1 13-435 334-406+

+ indicates that technical advances could allow the long:term potential to be much
higher, similarly, a range is given where technical uncertainties make a single estimate
impossible

< means less than.

Source, Worklwatch institute

efficiency is likely to incr4se along with the adoption of renew-.
able resources. .

During the next two decades, the traditional sources of re-
newable energy will continue to be the most abundant. Fuel-
wooCi use will probably rise by at least a third, providing an
additional 13 exajoules each year. Hydropower will grow even
more rapidly, more than doubling by the end of the centuiy
and providing the equivalent of an additional 19 to 29 ex-

270



Working Together: Renewable Energy's Potential 257

ajoules. In both cases the main constraint will be the environ-
mental chaos now caused by uncontrolled forest clearing
which damages watersheds and makes fuelwood scarcer.

The short-term prospects of the other renewable energy
sources are less certain. Even the mature and economical tech-
nologies run up against market obstacles: consumer un-
familiarity and the lack of a ready. means of distribution. Yet
some studies make projections for the year z000 as though such
constraints did not exista surefire recipe for inflated expecta-
tions and subsequent. disappointment.

Some renewable energy sources are likely to break these
initial barriers relatively soon, however. Passive solar design,
'already commercially established in a few nations, could supply

exajoules of energy by the .end of the century, and solar
collectors 4 exajoules. Wind power should be contributing 1 to
2 exajoules by the end of the century. For geothermal power,
the figure is 1 to 3 exajoules.

Fbr other energy sources, developments over the next
twenty years will probably be slower. The immediate prospects
for solar photovoltaic s}istems are uncertain because it is not
known how fast costs will be brought down. With major tech-
nical imprOvements in the next five to ten years, solar 'electric-
ity could provide as much as.o.4 exajoules of energy by the year
2000, but its contribution could well come later, too. Solar,
ponds have immense potential. But the technology has not
,been extensively used yet, and incIustries and cities will have to
make adjustments to use the pon s effectively. For the same
reason, energy form liquid biolo ical fuels and urban wastes
looks to be fairly limited durir the next twenty years.

Considering these projecti. ng with the outlook for
conventional energy resources reveals that renewable energy
will provide close to half of the additional energy the world will
be using by the century's end. (See Table 11. 2.) Coal,.natural
gas, and nuclear, power will also become more important, of
course. Yet with world energy use as a whole growing more

2
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slowly, increasing 'by little more than i percent per year over
the next twenty years, the renewable energy share of the global
energy budget Should reach 26 percent.33

Solaces

Table 11. 2. World Energy Supplies, 1989 and s000

1980 2000 Change
Amount Share Amount Share 1980-2000

Oil
Natural gas
Coal
Nuclear power
ReneWable energy

(exajoules) (Percent) (exajoules) (percent) (Percent)

133
61
82

8
63

Total 347

38
18

113

79
24 105

. 23
113

26 -15
18 +30
24 +28

5 +190
26 +75

too .433 too +24

Source: Woildwatch Institute.

At first glance, these numbers do not appear impressive.
That is because many of these energy sources are starting from
a base of nearly zero, while the established, conventional
sources of energy have already acquired great momentum. Yet
this eirly progress lays the groundwork for major leaps forward
in the ftiture. Twenty years is quite a short time horizon for
assessing the hitt& of new energy souices with the potential
'to support humanity for millennia.

What about the more distant future? It is obviously impossi-
ble to make firm predictions about the world's energy systems
fifty or a hundred years from now, but the long-term prospect
for renewable energy is undeniably promising. Given enough
time for technological developments and institutional adapta-
tion, some currently insignificant energy sources could flourish:
solar yonds, wind power, photovoltaics, and methanol from
biomass. With proper management, renewable energy sources
could easily supply over 300 exajoulesas rhuch energy as the
world uses todaybefore running up against resource con-

.
strain ts.
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Many changes will obviously be needed before the world can
hope to rely entirely on /enewable energy. On the average,
energy will have to he used perhaps three times as efficiently
as it is now. New supply networks more appropriattto renew-
able fuels will have to be developed. And many of the world's
energy institutions will have to be restructured. Each of these
changes is beginning to occur, and none is as economically and
environmentally oyerwhelming as the conventional energy
path now seems.

Energy efficiency and the use of renewable energy sources
are now central to the world's energy future. Even in the next
twenty years they will provide a cushion 'that allows most na-
tions to limit the use of coal and forego nuclear power develop-
ment;ltogether. Synthetic fuels and advanced nuclear tech-
nolog* once intended to be major energy sources in the
twenti-first century should also be reevaluated. By all accounts,
these Years should witness a major flowering of renewable en-
ergy, greatly limiting the need for m6re hazardous energy
sources.

0
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Institutions for
the Transition

nstitutions and politicsnot resource limits or technological
immaturitymost constrain 'greater use of renewable energy.
Greatly expanding use of renewable energy is a prudtrit step
to meet widely shared goals rather than a radical redirection of
social values. Renewable energy does not need special favorit-
ism. Rather, renewable energyalong with energy conserva-
tionis a logical centerpiece of sound energy policy.

Unfortunately, most energy policy is myopic, focusing on
the maximization of energy output with little reference to the
critical valuesjobs, equity, the environment, and national
securitythat are affected by energy investments. This tunnel
vision reinforces the already immenie power of the institutions
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. ,
that provide and benefit from conventional energy sources. A
sound energy policy is one that seeks to serve society rather
than to harnesi society for the production of ever vaster quanti-

.

ties of energy. Such a policy puts high'priority on conservation
e ..

and renewable energy.
By and, large, the institutioas that have grown up around

conventional energy sources are inappropriate to renewgble
energy. While exploitation of fossil and nuclear energy hinges
increasingly on the management of complex and far-flung insti-
tntions, tapping renewable energy.requires the transfer of deci-
sion.naking power, technical skills, and financial sesources to
individuals, local governments and the marketPlace. *To
frchieve.these ends, research and development programs mustt

d

redirected, technical extension programs expanded, finan-
ial tranifer mechanisms fashioned, and _utilities .oPened to

irket forces. The moving forcF for these changes must be
new Coalitions of energy cons
workers, businesspeo and vironmentalists cgnizant that

kners, farmers, homeowners,
ci

their traditional agendas will be 'Met or lost in the crucible a
energt policy. -

A New R&D Agenda
. . .

-Tapping renewable energy is first a question of creating new
technologiesthe 'task of research and develop lie. The last
decade has.witnessed a great increase in funding r renewable
enorgy :research and dev'elopmenf, most of whcb has been
productively spent. The new and exciting avenues for further
research that these advances open up in turn give added weight
to the case for a more balanced allocation of R&D monies,

among renewable, fossil, and nuclear energy. Carefully chan-
neled into' neglected areas, R&D funding increases can be .
expected to yield high payoffs in the years ahead. The ,cfial.,
lenge is to give programs more flexibility and direction and to
diversify them.

275'
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During the 1950s and 196os, energy research .was synony-
mous -with research on nuclear power. Hopes for,an-unliinited
and cheap supply of atomic energy led scientists to neglect the
study of synthetic tels, photovoltaics, and other energy

....s6arce5. More sobering, no one looked ,critically at the rosy
clairkis for atomic power until a large number of plants had
been built. Had research agendas been flexible, funds,,would
have been shifted into other sources as signs of trouble arose.

-Instead, the nuclear industry had by the seventies become large
and entrenched enough to 'bend the research agenda toward
the atorn ,,yith little reference to the econotnic potential of
nuclear pfAver plants or the strength of the alternatives.'

Enerty resiarch and development grew much more diverse
after 1973, when budgets for energyresearch of all kinds surged
upward. Spending increases for renewable energy have been
particularly.drImatic. Startirii with less than i percent of en-
ergy R&D funds in 1973, government and gov.ernment-
stimulated expenditures for renewable energy in the Western
industrial countries and.Japan rose t9,7 percent of the total
researc.h budget in 1977 and then to 13* percent in 1981. In
absolute terms spending rose from about $20 million in 1973
to almost $1.3 billion in 1981. Private industry jn those coun-
.tries spent.an additionar $1.5 billion dollars on renewable en-
ergy R&D in 1981: In both absolute and'perrapita terms the
United State.gfollowed by France) spent the most on renew-

. able.enetgy R&D in the 1970s. Japan is catching up. rapidly,
however.2

Increases aside, the lion's share of energy R&D furlds still
goes to fossil and nuclear energy. (See Figure 12. 1.). While
budgets have expanded, few countries have weighed the rela-
tive potential of each new energy technology or based forward-
looking programs on realistic assessments cienergy needs In
1981 nuclear and fossil fuel R&D still absOibed 75 peicent.of
the Western industrial countries' energy research budgets. Bil-
lions of .dollars are being sp'ent annually on advanced nuclear
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reactor systems that cannot be economic until well into the
next century, if ever. Meanwhile, many promising avenues. of
reirwable energy research that could make a difference within
the next decade or two are left unexplored for lack of; funds.3

The great leap forward 'in the 197os came because energy
supplies had by then become a matters of crisis. But many
programs born of crisis die with the passing of immediate peril.

nuclear - fossil renewlbte conservation
. . fismon & fijels energy

k fusion

Figure 12.1. Government and Industry R&D Expenditure Indus-
trial Countries, 1981.

A,
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Today the need is to look beyond he immediate crises to a
gradual but purposeful transition to reliance on renewable en-
ergy.during the next several decades. While increasing spend-
ing for all energy technologies duririg the 19705 spared govern-
ments the Deed to make painful, politically divisive choices,
spending for energy generally and renewables in particular in.
the 198os is in, danger of being cut back in the face of ecoriomic
hard times. Much as the last hired is the first fired, cutbacks
in energy spending are falling disproportionately on the newer,
more promising technologies. In the United States, for in-
stance, thg Reagan admin. tion is trying to turn back the
clock by drastically tti ng government.supPort for renewable
energy and energy efficiency while increasing.spending on nu-
clear power. Yet unless governments do an about-face, commit-
ting themselves firmly to balanced and well-funded R&D pro-
grams, the energy problems of the 19705 will erupt more
virulently in the late 198os and the 19905.4

As the technia and econOinic reviews in this book make
clear, the performance of reneWable energy technologies dur-
ing the 1970s and the immediate prospects for further progress
wariant greatly increased R&D allocations. A minimum short-
term goal should be to spend one-third of all energy R&D
fundsin absolute levels, twice the present expenditureon
renewable energy. If ()Verdi energy R&D budgets cannOt be
raised, both nuclear power's current performance and future
prospects make the-atom a logical energy source to reduce in

the budgets of most countri
thing the resources devo a to renewable energy R&D

effectively means confrontin the sticky choices between-long-
and short-ttrm, public Ad pn ate interests and applied versus
bas c research. For technolo e s dissimilar as photOvoltaics

and odern-day wood stoves the o niversal rule is to build

instit ions around the techna gi and resources rather than
forcing R&D efforts to fit into areconceived of established.
rganizations,5

/
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In most .countries renewable energy research is conducted
along the same lines as other research ventures. In the United
States and France, the two largest spenders for solar energy
research, there are large central research facilitiesthe Solar
Energy Research Institute (SERI) and the Commissariat a
l'Energie Solaire (COMES). But they have a better record for
accumulating scientific knowledge than for adapting technolo-
gies to user needs. In Japan the New Energy Development
Organization (NEDO) has the major responsibility and is
noted for its close cooperation with Japanese industry. Re-
search iicn China, on the other hand, has been made part of a
wider effort to diffuse technologies into the countryside. There,
advanced scientific work has been somewhat neglected. In
developing countries where research funds are scant most re-
sources have been spent adapting imported technologies to
local conditions and keeping abreast of Western develop-
ments.§

While no research setup is applicable in every country, con-
tinuity is vital to every nation's success. Assembling high-qual-
ity research teams and conducting sophisticated research re-
quires time and institutional stability. In the highly politicized,
erisis-buffeted 1970s, such continuity was lacking. In the
United States frequent reorganizations, disruptively short bud-
get-cycles, shifts in program goals, and political meddling have
reached epidemic proportions and have seriously compromised
the large U.S. investment in renewable energy research.
Needed in the.U.S. and eliewhere are performance goals and
long-term budget commitments.7

Increased spending for renewable energy R&D should be
directed toward establishing a sensible balance between the
various technologies. Thus far research priorities have paral-
leled those dominating the overall energy R&D agenda. (See
'fable 12. 1.) Technologies that produce electricity, (solar
thermal electric devices, large wind machines, and pholovol-
taics) are favored over those yielding liquid fuels or direct
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heat (biomass-conversion technologies or passive solar de-
sign). A bias toward high-technology, capital-intensive ap-
proaches is also evident: Solar thermal electric, and ocean
thermal electric technologies, which have only long-term 'and
geographically limited potential, rank higher than methanol-
conversion technology and solakponds. The primary recipients
of increased spending should be biomass energy, direct use of
solar energy, and small-scale applications of all rerrwable en-
ergy technologies.8

Table Ir. i.Breakdown of Government R&D Expenditures for
Renewable Energy in Industrial Countries, 1979 and 1981

Tschnology 1979 1981

(millions of dollars)

Solar heating & cooling 196 146
Photovoltaics 143 . 203
Thermal electric 1.16 156
Wind . . 85 140
Ocean thermal energy conversion (OTEC) 57 54
Biomass 64 ro6
Ceotherm'al 178 243

Total - 839 1048

Source- International Energy Agency, C982.

Given its present contribution and long-term potential, bio-
mass energy R&D has been inadequately funded almost,every-
where. Combustion, fermentation, gasification, and distillation
techniques have been in use for a long tithe, but performance
and efficiency could be vastly improved through modest invest-
ments in chemical and engineering .research.

Energy crop research also deserves increased priority. Be-
cause research into alternative feedstocks has been so neg-
lected, new efforts to use biomass fuels in the United States
and Brazil have been based on food crops. Many little-used
food crops, coppicing frees, arid-land plants; aquatic plants,

"I
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and agró-fore;try combinations cry out for examination. Cul-
tivating promising candidates for qiergy cropping on pilot
farms in variow clirnates over extenjed periods alone can an-
swer basic quegions about yield, water requirements, and soil
impacts. Investigations of alternative feedstocks take research-
ers into agriculture ,and basic plant biologysciences alien to
most energy planners but essential to sound biomass energy
use. Hence: it makes sense to conduct such investigations in
agricultural research centers expanded with the support of na-
tional governments and international organizations.9

The second critical research gap is in support for small-scale
and community-sized systemssmall wind pumps, on-farm
ethanol stills, climate-sensitive design for tract homes, solar
ponds, and biogas digesters. Since many small firms, some of
them struggling, are marketing these systems, government pro-
grams that do not include industry as a partner can be counter:
productive. An especially efficient approach to research is to
channel funds into industrial product improvement. When the
1J.S. Department of Energy tried developing methane-from-
landfill technology already on the market, potential users be-
came concerned about the product's lack of commeiCial matu-
rity and they withheld purchases while government researchers I

duplicated fhe systems. A better way to assist small companies
is through programs like that of the Rocky Rats Wind Center,
where government scientists purchase small machined, check
their performance in field conditions, and help cornpanies im-

prove the machines.10 :
Among high-technology applications, the most deserving of

funding is photo'voltaics3 While the kind of intensive, well-
finant.id private-sector interest that exists in Japan, Europe,
and the United States lessens the need for government aid,
goveinment should still carry out basic research and ensure
tfrit all promising leads are pursued, especially those related to",
neglected technologies or high-cost demonstrations. Yn the

2 8
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United States, for example, both large wind machines and
alteinative technology for hydropower facilities fall into this

--eqtegory.11
Of course not all renesfable energy advances will come from

energy-technology development programs. Photovoltaic tech-
nology benefited from advances made in semiconductors, while
large Wind machines now feature strong, lightweight synthetic
'materials and alloys pioneered by the aerospace industry. Fur-
ther advances in materials science are the key to overcoming
the corrosion problems plaguing active solar collectors and heat
exchangers for geothermal and solar gradient ponds. Biomass
conversion could be made more efficient if it employed cata-
lysts used in the chemical and refining industries. Advances in
plastic film technology could revolutionize the economics of
active thlar collecOrs by reducing weight and cost. These and
other opportunities underscore the need for fundamental re-
search in materials science s well as for adequate basic science
budgets,12

Research on technologies of special importance to develop-
ing countries is especiany urgent. Only a few of the largest
Third World nationssuch as Brazil, China, and Indiacan
afford to mount sizible research programs. The rest make do
with sometimes maladapted technologies pioineered in indus-
trial countries. Only limited funds are available to work the
kinks out of biogas technologies, fuelwood crops, wind pumps,
and passive solar designs for humid, tropical climates. One way
to make sure this important work gets done is to first identify
priority'technologies that need work and then to mount new
R&D ekrts within developing countries. Another is to estab-
lish a small network of international research labOratories. mod-
elect after existing agricultural research centers. One of these
interconnected centers could work on fuelwood, another on
other biOmass, research, a third on solar energy technologies,
and a fourtll on small hydropower, wind power, and miscella-
neous technologies. Funds fOr such programs could come from

282
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the United Nations, Alie World Bank, the industrial eountries,
the wealthy oil-exporting nations, and the Third World coun-
tries themselves. The new laboratories would stimulate impor-.
tant new research efforts in the developing countries and en-
courage the international exchange of information arnong
Third World scientists.1

A final high-payoff arca of research is resource assessment
studies of geothermal gradients, water flow in smaller rivers,
wind availability, biomass inventories, and the like. By drawing
attention to unused or overlooked energy sources, resource
assessments can catalyzienergy development. But because the
benefits of resource assessments are diffuse and difficult for
private firms to turn to profit, governments must take the lead
in making, such surveys. No small incentive is that such re-
source assessments probably represent the most cost-effective
investment in renewable energy governments can make.14

0*

Using Verrzacular Technologies

Unlike conventional, mostly standardized systems, renewable
energy technologies must be engineered to withstand diverse
environmental stresses and handling by people with little tech-
nical training. While not all renewable energy systems are what
Ivan, Illich calls "vernacular technologies"small-scale and
dispersed machines and toolsmany are. The concept is im-
portant since where engineering and human elements. have
been gi n proper emphasis, technological adaptation has been
rapid jfd negative side effects minimal. Whbre they have not,
th pposite holds true.15

To fully meet the unique engineering challenges posed by
the use of renewable energy, technology development pro-
grlarns must focus more on durability and simplicity, less on
high perfoimancethe touchstone of fossil fuel and nuclear
engineering. A new institutional focus is needed, too, one cen-
tered on extension services, consumer education, and technical
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training systems rather than on laboratories alone.
Renewable energy technologies are unique among energy

sources in the degree to which they must be fine-tuned to local
climatic conditions. While a nuclear power plant or oil refinery
would be essentially the same whether built in Central Africa
or Scandinavia, a single solar collector design would simply not
work in both regions. Variations in dust, temperature, sunlight,
humidity, wind, and rain imposedifferent design requirements.
Since renewable energy systems are designed to tap,the ener-
gies of the climate, they cannot easily be sheltered :from the
wearing effects of the weather. Rain, dust, wind, and sunlight
can rust, 'pit, topple, ind crack systems. Renewable energy
technologies must be durable enough to withstand the ex-
tremes of the weather as well' as ,the incessant variation of
day-to-day natural energy flows. Some of the' biggest problems
of renewabe energy systems come from their inability to with-
stand extreme storms. Small hydro facilities are often darnaged
by severe floods that occur every decade or so; some types of
active solar heaters can be ruined by an unseasonal frost; wind
machfnes can be destroyed by extremely high gusts; and hunt-
canes could sink OTEC plants. Adapting renewable energy
systems to climatic extremes is an economic imperative be-
cause they must often operate over a period of one to three
decades with only minor maintenance so as to justify their
initial costs.16

Often high efficiency must be sacrificed to improve the
durability and to lower the co,st,of the technology. During the
early 1.97os, when active solar heaters were reinvented in the
laboratories of many industrial countries, scientists stressed
high.performance only to discover that less efficient but more,
durable models worked better on real rooftops. This lesson was
brought home on a grand scale in the U.S. government's Solar
Heating and Cooling Demonstration program. Between %974
and 1978 the U.S. government funded the installation:of sev-
eral dozen different solar water and space heater designs. Most
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of the complicated,rultraefficient systems soon broke down,
while the simple but hardy modelsmost little change&from
thesolar collectors used in California and Florida half a century
beforeworked.17.

The failure to take climatic and ecological variations into
account when transferring hydropower technology from one
region to another has engendered many problems. When SO-
viet pla4ners helped China design the Sanman Corge,Dam
during tHe 1950s, they assumed sedimentation rates typical of
Soviet rivers. The Yellow River; it turns out, silts up much
mote rapidly, and three-quarters of the dam's power and water-
storage capacity were lost within a decade of the project's
completion. Similarly, Many active solar collectors and photo-
voltaic arrays designed by European' firms have failed in
Sahelian Africa, where dust storms impair their performance.
In response to these challenges, corporations and development
groups are adapting these technologies to local climatic condi-
tions. Within developing countries,, the need is to enhance
local Or regional technical capability to assess and modify re-
newable energy devices.18

Every bit as essential as how well'a renewable energy tech-
nology fits into the Physical environment is how well it fits in
with the habits, needs, and skills of the people who must use
it. The classic case of mismatch between users' customs and
abstract technological promise is the solar cooker, Which has
run up against a solid wall of user resistance. Yet users' prefer-
ences cannot be considered a dead crust of habit that must be
broken before "development" can be undertaken. Instead they

. embody long-proven practises that are best built upon rather
than scrapped. Naturally enough, technologies that mesh with
rather than disrupt traditional patterns of living are the most
likely to come into widespread use.19

Like any other technology, renewable energy systems also
require alert and frained operators. Houses burn down when
wood stoves are used cavalierly; biogas generators have to be
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periodically purged of impurities, and pipes in solar water heat-
ers freeze and burst when owners forget to drain out the
'water or add antifreeze, just as power, plants shut down when
somebody closes the wrong valve. Still, renewable energy
technologies do 'differ from conventional energy technolo-
gies in one regard." Large numbers of nonexpert usei§ must
be able to master their maintenance anct use. Living in a
passivesolar hoUse, using biogas, or burning wpot is different
froin switching on a heater supplied with nuclear electricity
because the user is the producer and the operator as well as tlie
consumer.

In many cases, high user involvement has been both a bless-
ing and a curse. Much of the pioneering use of small renewable
energy.systems in the United States and Western Europe has
come from backyard tinkerers and "do-it-yourselfers" who
make up a small percentage of most communities. However,
what these people see., as opportunities to become more gelf-
reliant and exercise their technical skills, many people view as

-chores. Consequently, the widespread use of small-scale energy
devices depends, on making their operation as simple as-possi-
ble. Automatic governors for small hydropower facilities, ther-
mostatically controlled drains for solar water heaters, automatic
pellet loaders for wood furnaces, and light-sensitive shade con-
trols fo frassive solar houses are important steps, toward ac-
celerating mass diffusion of renewable energy technologies.
Here, as in environmental adaptation, success may involve
small iacrifices of performance and efficiency.20

Education, information, and extension programs are the key
to the effective use of eVen simple-to-operate systems. Basic
skills and basic knowledge can be taught in elementary and
secondary schools much as courses in mechanical artg; home
economics, and driver's eduCation are today. Low-cost or free
energy audits for households and loans for feasibility studies:-
have already helped American and European consumers and
small resource owners assess their energy-investment oppor-
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tunities. The industrial and agricultural extension programs
that have played such an important role in spreading skills to
small businessmen and farmers could also be retooled to help
-adults become familiar with renewable energy's technical side.

To appreciate the importance of teaching maintenance skills
to users, consider how biogas digesters have been iotroduced
in China and India. In China installers and operators from
every village that was to receive a digester were trained. In.
India the program was almost exclusively hardware orieined,
focusing on building as many generators as possible and relying
on outside technical expertise. Today China has twenty-five
times as many digesters as India and fully half of India's digest-
ers are in disrepair. In energy, as in health care, the Chinese
have emphasized raising the entire rural population's technical
competence rather than refining the skills of a lechnical elite.
Other countries, particularly the Western industrial countries,
need tG follow this example and balance their elite-oriented
approach to technical education to ensure that ail their citizens
acquire the minimal technological literacy necessary to func-
tion in a world of increasingly dispersed energy systems.21

Simplifying the operating requirements of a technology can,
of course, make the system itself more complexwhich makes
installation and repair networks all the more ithportant. Just as
the automatic transmission simultaneously simplified operation
and complicated repair of the automobile, io too the automatic
control systems of increasing importance in renewable energy
systems will make quality installation and repair more critical.
Accordina) the U.S. Consumer Product Safety Commission,
imprciperly installed or operated wood stoves of the newer and
more efficient but hotter-burning variety are causing an es-
timated 1,3Go house fires a year. And the improper installation

\ of some solar hot water heaters has undermined 0..economics
of the systems and tainted the public perception of the new
industry. As with skills like auto repair, plumbing, and home
building, installer certification and training standards set by
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industry and unions an,Lsupported by governmebt are sorely
needed.22

In developing coin tri#s the lack of adequate installation,
maintenance, and reai networks and facilities greatly im-
pedes the use of renewable energy technologies. Many other-
wise promising projects to install wind puMps, biogas digesters,
and other devices have failed once technical experts who set up
the projects have departed. To remedy this probleth govern-
ments need to start training programs within villages (espe-
cially economically marginal communities) that teach people
to operate aria repair their own devices or to estabfish small
village-level industries, to manufacture, install, and repair the
new technologies. China has taken the latter approach tn small
hydropower development, and the Intermediate Technology.
Developiinent Group is attempting a similar strategy with wind
pumps in several countries.23

Many of the undesirable side effects associated with dis-
persed energy systemsdeforestation, air pollution front wood
burning' , and agricultural soil erosioncan best be tackled by
designing control systems into the technology and including
environmental protection in user-education programs. It sim-
ply is not feasible to monitor smoke emissions from each of
millions of wood stoves, wood gasifiers, ethanol stills, and meth-
anol distilleries. Vastly more efficient and effective is regulating
the manufacture of the technology. Governments could re-
quire wood stove manufacturers to equip their modgls witfi
catalytic combusters much as some now require the auto indus-
try to equip vehicles with pollution-contra features. Still, ac-
tive owner involvenient remains vital. For just as a 300 auto-
motive catalitic converter can be ruined if a consumer
unthinkingly fills up with leaded gasoline, so too a wood stoye
combuster can be impaired if painted wood or metal foils are
tossed into the fire. Realistically, trying to design an idiot-proof
technology will probably remain an elusive goal rather than a
reality.24
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Seed Money: Financing the Transition

New technologies and the support structures to make them
work create energy opportunities. But people cannot exploit
these opportunities unless they have both financial incentives
and access to capital. Taxes on conventional fuels can both
motivate people to use new sources of energy and raise the
revenue to finance them. Gradually raising energy prices and
making financing assistance in'orpe etjuitable could speed an
orderly transition to renewable energy and help the poor, often
the victims of energy policy. Building equitk into energy pro-
grams is more than a matter of social justice, it is essehtial to `-
making a 'successful transition to renewable energy.) While
some countries have recognized the link between large but,
temporary oil revenues and the possibility of building more
permanent energy systems, few have successfully channeled
capital resources to those best able to exPloit renewable energy.
Grants, loans, and tax breaks are needed to put capital into the
hands'of consumers and businesses.

The gr6test disinmtives to the widespread use Of renew-
able energY technologies are government controls th* keep the

. price of, fossil fuel's below their true or replacement costs. Price
controls encourage energy waste and put renewable energy
technologies at a competitive disadvantage. Indeed, in 'parts of
the United States that rely on price-controlled natural gas,
things havehardly changed since the sixties. But in oil-depend-
ent northern New England, where prices for heating fuel rose
from 200 a gallon in 1972 to over $1.00 a gallon in 1980, oil
consumption has fallen by 12 percent annually and some 55
percent of all househdlds haze turned to wood as their principal
source of heating fuel. Use of wood and solar energy for resi-
dential and commercial heating would undoubtedly have in-
creased even more rapidly had not 45,900 oil consumers "shifted
to price-regulated natural gas.25 .

In other industrial countrimenergy-pricing structures take a,
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variety of forms. Consumers in Western Europe and Japan pay
prices close to the cost of obiaining additional supplies of
energy today%. In both regions expensive imported oil is an
energy staple so the ivcentive to restrain oil consumption

Ithrough taxes is strong. In contrast, Canada and the United
States have done, the least to bring energy prices to. replace-
ment ,cost levels. Long accustomed to cheap energy, both must
now make a painful choice between a purposeful phase-in of
higher price's or more sudden price shocks. While the two
nations have recently decontrolled oil prices and are slowly
dethntrolling natural gas priceg, those moves need tO be supple-
mented by further natural gas price increases and additional
taxes on gasoline.26

The Soviet' Union produces virtually all the oil and gas it
uses, providing insulation from the world market. The govern-
ment also sets prices far below prevailing world levels. Low
prices do not, however, necpsarily stimulate additional con-
sumption because central planners may not allocate resources

.to the sectors that would take advantage of low prices. The
Soviet Union has been spared the problems of an oil-dependent
transportation sector primarily because planners have not given
high priority to building automobiles. Then, too, during the
1950s and 196os the Soviets stuck with coal while the rest of
the industrial world switched to oil and gas. At the time these
policies were viewed by Western observers as archaic, but
partly as a result, Soviet oil and gas reserves are high and there
is relatively little oil-dependent capital stock today. Still, even
this stability in the energy economy has had its price. Soviet
industries that rely on oil have had little incentive to conserve
or use new energy sources.27

Thepractice of holding fossil fuel prices below replacement
cost is also widespread in oil-eiporting countries. All the Mid-
dle Eastern vembers of-OPEC, as well as Venezuela, Nigeria,
and Mexico/. sell petroleum products to domestic consumers
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for a fraction of their export value. Gasoline in Saudi Arabia,
for example, sells for 250 a gallon, and the roads are clogged
withslarie American-made automobiles:While sirch cheap en-
ergy has been a powerful stimulus to rapid internal econoniic
growth, it is also locking these countries into petroleum-based
economies.28

In many developing countzies without significant hydrocar-
bon resources, governments subsidize the price of imported
kerosene to sfreltef the poor who depend on kerosene to meet
basic needs. According to Indian analyst Amulya Reddy, the
same distorting impact of price controls operating in New
England or the Soviet Union is at work in lirdia. Three-quar-
ters of India's 116 million households depend wholly on kero-
sene for lighting, and controlling kerosene's price even for the
sake of the majority has had a serious unintended effect on
transportation patterns. Since kerosene and diesel fuel are in:
terchangeable, the government had to extend price controls to
cover diesel fuel as well. As a result, the'number of diesel-using
trucks rose rapidly mad railroad use declined, even though rail-
roads are several times more efficient movers of goods and use
domestically mined coal. Spurred by increases in trucking,
India's Oil imports have continued to rise. In 1980 oil imports
consumed 8o percent of export earnings. Meantime, invest-,
ments in biogas, wood gasifiers, or other domestic renewable
energy sources that could directly replace kerosene go a-beg-
ging.29

Behind such seemingly backward policies is a well-placed
fear of harmirig the poor. Since energy costs account for a
disproportionate share of poor people's budgets, higher prices
often mean doing without. Small wonder riots broke out in
Cairo and other major Third World cities in the late seventies
when kerosene subsidies were reduced. For policyrpakers the
challenge is to balance energy gpals and equity goalsa crucial
task since simply decontrolling the prices of widely used fuels
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deprives many consumers of the means to invest in energy
efficiency and renewable energy at the precise instant they have
the most incentive to do so.30

The problem of the Poor has put energy goals on a collision
course with the desire for equity in many counpies. This con-
flict has beers particularly unfortunatA because from the stand-
point of sociOy as a whole the greatest opportunities for using
renewable energy and improving energy efficiency are among
the poor who have the least ability to inveitwhether it be in
home insulation in Appalachia, a new wind pump in East
Africa, or a more fuel efficient tractor in Mexico.

The key to steering between the Scylla of price controls and
the Charybdis of inequality js to raise fuel prices through fuel
taxes and to recycle 'the revenues for consumer and business
investments in energy alternatives and efficiency. This ap-
proach gives consumers the incentive and the capital they need
to invest. On a global basis the shift td ieplacement cost pricing
'through takes will yield an enormous windfallthe several
hundred billion dollar annual difference between the cost of
extracting, transporting, and refining oil and its market value.
This windfall could be the world's operating budget for the
energy transition. Prudently reinvested in energy efficiency and
renewable energy, this treasure is the bridge to a sound energy
system. If squandered on,unproductive subsidies to declining
industries, defense buildups, corporate buying sprees, or luxury
consumption by the elite, this treasure will be irretriet%ably lost,
making the transition to renewable energy ntuch more difficult..

For each country the optimal way to spend its oil revenues
to promote sustainable energy systems will differ. In the
United States the most productive use of the revenues of a
"windfall" severance tax on decontrolled oil and gas is to fund
housing weatheriiation for low-income people and to provide
tahc credits and loans for a variety of renewable energy sources.
For developing countries without significant oil reserves, gov-
ernment subsidies from imported petroleum products should
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be redirected to the purchase of domest i! biogas digesters and
efficient cook stoves, the development of village woodlots, and
the creation of domestic industries that manufacture- renew-
able energy technologies. Sri Lanka has already stopped subsi-
dizing the purchase of imported fuel and begun *rustead to fund
tree planting and charcoal produetion.31

Recycling the money from the oibaindfall into alternative
energy systems will be easidt where oil reserves are substantial.
rThe state of Alaska, for example, has already set aside $5 billion
in oil revenues from the North Slope for an ambitious hyto-
electric development program. Venezuela has followed a simi-
lar path, devoting mdst of the knds it has set aside to carrying
out its oil-financed five-year energy plan to hydrolectric pro- 4
jects. Using a small part of its vast oil revenues, Saudi Arabia
has funded various photovoltaic and solar pond imtstigations
in the hope bf making sunlighi a source of permanent wealth.32

Western industrial coUntries wi h declining oil and.gas.re-
serves have not fared well at kee ing alive the link between
temporark oil revenues an a ,ternative energy futnie. The.,
United Kingdom has used the -revenues from its North Sea oil
and gas primarily to meet general government operating needs.
The Netherlands, faced with the decline of the natural gas
fields that have been a major sourc$ of, postwar wealth, has yet
to institute replac.ement cost pricint to extend supplies or
finance alternatives. Even the largest oil' producer (and con-
sumer) in the West, the United States, has allowed oil owners
to reap most of the benefits from oil decontrol. An attempt in
1979 to fund .low-income energy assistance, alternative fuels,
mass transit, and the Splar Energy and Energy Conservation
Bankwith proceeds from the windfall profits tax has largely lost
momenturn.33

Financing the transition to renewahle energy will be most
difficult in developing countries that lack petroleum. Interna-
tionil experts meeting under the auspices of the North-South
Roundtable in May 1981 noted that "the energy crisis in
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developing countries is not a crisis of scarcity of energy re-
sources but a scarcity of finance." The World Bank estimates
that developing nations need to invest $6o billion to $8o billion
in energy during the eighties. Approximately one-quarter, of
this would be for renewable enerpin'tially, fuelwood and\\11
hydropower projects. Yet competing needs raise agricultural
productivity, build iriaustries, and establish ntodern sanitation,
health, and educational services press these countries hard,"

Most developing countries will have to rely upon external
im;estment and aid supplemented with internally generated
resources ancIrt their investment priorities carefully. They
will also have to depend heavily upon the international private
banks. Such government-supported institutitm as the World
Bank and the regional development banks can ,have an all-
important leveraging effect, encouraging private investment 2S
well as providing- loans for projects of scant interest to the

_

private sector. The World Bank significantly increased its en-
ergy lending in the late seventies and early eighties, but resur-
recting the proposal for an energy affiliate to the World Bank
a move proposed and then blocked by the Unitect States
is th , nly way to accelerate adequately the flow ofipubliC as
well as private investment dollars. A successful example is Bra-
zil, which has financed large renewable energy investments
pith foreign loins that suPplernent revenues from taxes levied.(
on imported petrolcum.35

Oil exporting F.aeions have begun helping the poorer Third
World couritries retool their energy systems. Mexico and
Venezuela, for example, rebate 30 percent of Ile oil payments
of ten Latin American countries in the form a loans, with the
interest rate set at 2 percent if the funds are invested to pro-
mote greater energy self-sufficiency. To take such financial
recycling one step farther, Thomas Hoffman aiid Beian John-
son of the Internationalinstitute for Environment and Devel-

e. opment have proposed setting up international mechanisms to
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'channel oil revenues into high-payoff investments in poorer._
'countriq.36

Renewables often represent a good investment choice for
rcapital-poor develoPing countries because the equipment
needed to harness this energy can be manfactured domesti-
cally, employing their most abundant and underused resource
human labor. ,Unlike coal or nuclear power, which require
imported equipment, Many renewable energy technologiei
such as small dams, efficient Woot stoves, fuel lots, and biogas
digesters 'can be produced by people who would otherwise, be
idle. This is the secret of China's rural energy successes. Off-
season agricultural workers in China have built a basic infra-
structure that would have been unaffordable if financed with
borrowed funds from abroad.57

Putting capital resources into the hands of those best able
to use renewable energy has been achieved Only rarely. Direct
grants and cheap credit (low-interest loans or interest subsidies)
are the least cumbersome and most equitable ways to transfer
capital. Unfortunately, the subsidies for renewable .senergy
technologies most widely available now are tax credits and loan
guarantees for a fairly restricted set of teohnologies. As such,
they represent an important first.itep to reversing longstandrik
discrimination against renewable energy, but incentives aimed
prinlarily at the affluent are ultimately limited in 'their effect.

These drawbacks notwithstanding, tax credits and exernp-
ti2.ns have had some positive effects. In the United States a 4Q
percent . tax credit on the first $10,000 spent On renewable
energy equipment has been a major stimulus in the growth of
the renewable energy market, particularly that for solar.water
heaters. Brazil has exempted solar equipment and loo percent
alcohol-fueled automobiles from the national value-added tax,
a subsidy of approximately 35 percent Many states and cities
in the United States have alsO exempted, renewable energy
equiçient from property and sales taxes. But do large ,tax
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breaks add up to boondoggles? A recent study of California's
-generous solar tax credits found that gas brought from the ,

. North Slope of Alaska to CaVornia would still enjoy greater tax
subsidies than solar water heating. A more serious problem is
the bias of rene*able energy tax credits that apply 'to active
solar collectors but not passive design, to ethanol plants but not
wood stoves, and to alternative fuels but not fuel-efficient au-
tomobiles.38 .

The single lliggest drawbaa to the incentives approach .is
equity. The many who do not pay income taxes cannot benefit.
Where credits are funded through taxes on fossil fuels, the poor
suffer twice:first frOm higher prices-and then from denial of
access to aid. A rninimum-equity,goal should be making -tax
credits to individuals refundable so that the .poor can receive
direct grants. Also equitable and effective are loans and inter-
est-rate subsidies. Since most renewable energy systems entail
high initial costs but no fuel costs thereafter, lowering the cost
of borrowed money can be a powerful investment incentive.
For just such reasons the U.S. government's Solar Energy and
Conservation Bankwhich would have made available $1.2
billion over a four-year period cf or interest-rate subsidies on
loans to households and small b sinesseswas created. When
its way is cleared of political obstacles, the Bank could be an
important aid to low-income homeowners who cannot obtain
commercial loans on any terms and to older industrial cities
with badly deteriorated building stock.39 .

The least common but potentially most effective and equita-
ble means of financing the transition to renewable energy is the
'direct grant. Grants foster equity because not only those well-
off enough to pay taxes benefit. Then, too: under the grants
system the consumer gets the money immediately instead of
at tax teturn time., Inv Japan the solar collector industry has
benefitted greatly from government grants to consumers equal
to 30 percent of the cost of the system.40

Another worthy model for direct grant programs is the Ca-
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nadian Home Insulation Program (CHIP) pioneered first in
N&,a Scotia and then expanded to the entire country in 1979.
Puringthe program's first two yeArs in Nova Scotia, 15 percent
of the households took advantage of $800 cash grants for ho-me
weatherization. Canadian energy analysts attribute the pro-
gram's success to its simplicity and to an effective media cam-
paign aimed -at potential participants. Similirly, Canadass
Forest Industry Renewable Energy (FIRE) program has chan-
neled over a quarter of a billion dollars into cost-slfared pro-
jects, primarily in wood burning. Room for applying similar
programs elsewhere .in the world is great Indeed.41

Opening Up the Grid
t

4

,
No institution is more important to the fate of renewable
energyor more in need of reditectionthan the eleclric
utility. The last decade has heen ?particularly painful one for
utility managers. Slowing rates of growth in electricity use,
rising environmeral conflicts, and confusion about the poten-
tial of new electricity-generating technologies have called into
serious question practices and expectations inherited from an
earlier era of rapid growth and rising .4ceWralizatitin. Yet no-
where more than among electricity pr-ockicers is consektion
the logical institutional forerunner of renewdble energy.42

With a few notable exceptions the utilities have so far re-
sisted change. But such entrenchment has been at the sacrifice
of profit,s as wel as broader,social concerns. In serious need of
reform are pric ng, financing, competitive access, and struc-
ture. More spec fically, the price consumers pay for electricity
must more accurately reflect the social costs of producing eleci;
tricity, utilities must help finance energy efficiency and renew-
able energy, nonutility power producers must be encouraged to
operate, and today's giant utilities must be restructured into a
greater number of smaller, more workable entities. .

Sweeping in their implications, these reforms are neither,
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untested nor incompatible with QUO business practice.
Where these changes have been made o4rthe last decade, the
lecord reveals success. Kept.on their present course, utilities
could be major obstacles to a renewable energy future; redi-
rected, utilities' cobld,be powerful instruments of change.

As for the major sour`ce of consumer problemsprice setting
the rising cost of generating electricity from new power
,plants has made traditional patterns largely obsolete. Logically
enough;prices were set to encourage more consumption is the
cost of generating electricity fell steadily between the.begin- t
ning of the century and the early seventies. But as power
became more expensive to generate, rate structures were slow
to change. While the overall cost of electricity delivered to the
consumer has risen in the last decade: most rates still reflect the
average cost Of producing electricity,' which is a mixture of
older cheap power and more expensive cower from newer
sources. As a result, consumers buy at a price considerably
below what it will cost the utility to produce additional power,
and thus consumers use large amounts of electricity.43

One solution ti? this squeezesimplY decontrolling the price
of electricityhas too much consumer opposition to work. But
establishing "life-line rates" for the minimal amount of elec-
tricity needed, for each houiehold to meet basic needs and then
letting the rest of electricity sold reflect the true cost of proda7N5
tion is one means of encouraging conservation and the use of
alternatives without harming consumers.,With fife-line rates,
consumers can get at an extremely low price enough electricity
to power houscehold appliances and lighting. Tried experimen-
tally in California, life-line rates give consumers reason to re-
duce electricity use but keep bills fair and affordable.44

To restrain demand and encourage consumers to uselalterna-
fives without debilitating price increases some utilities have
devised ingenious demand-management schemes. As early as
1966 utilities in West Cesmany began charging consumers less
for power supplied during periods of slack demand. Over ten
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years this irnp.c change altered consumption patterns so
dramatkally t t plans for several large new power plants could
be canceled Gther utilities have achieved similar results by
"interrupting" power to large customers during peak demand
periods Detroit Edison, for example,can shut og over 2.90,000
water heaters from its headquarters. Consumers who volunteer
to be interruptible customirs receive a 35,percent reduction in
rates A grong number of utilities are also trying to influence
electricity anand by offering consumer's free energy audits to
diagnose energy-sav ing.opportunities or by giving away thermal
blankets to wrap around uninsulated ele9tric water heaters. As
utilities become more deeply involved in structuring electricity
demand, they will be well equipped to benefit from, and shape
new technologies that displace electricity but rely on utilities
for backup Extending these demand-management schemes
should be a high priority for consumers, utility regulators, and
utility managers alike. All clearly benefit."

Exceptions aside, the trend toward utility demand manage-
ment is most advanced in Japan, Western Europe, and oil-
reliant parts of the United -States. Soviet utilities and U.S.
utilities with extensive coal, nuclear, or hydropower capacity
have been slower to adopt new plicing pr'aciices, and in the
Third World few utilities manage demand. Yet electricity costs
in developing co ntries are Ivigh, and recent analyses of power
systems in u an industrial regions of China, India, and Brazil
indicate 1t instituting more rational pricing systems along
with inyesting in more effiGient transmission networks offer
higher rates of return than building new power plants does."

Utilities are in a near-ideal position to make financial assist-
ance available to their customers to improve energy 4ficiency
and use renewable energy. They have access to large bmounts
of capital at low interest rates and, unlike commercial lenders,
they are accustomed to making investments with long-term
payoffs. Utilities also have established relationships with elec-
tricity consumers. .Expanding these ties is much easier and
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cheaper than Suilding new institutions from the ground up.
Many utilities, most of them in the United States, havebegun
making low-interest loans, offering cash rebates, or renting
systems to their customers. In many cases customers make loan
payments through monthly electric bills. So cwnpelling is the
firiancial logic of these, arrangements that many utilities coUld
be spending half their Capital funds on consumer financing by
1993.47

The prospect of extensiye utility involvement in renewable
energy and conservation has many alternative energy advocates
worried. Their fear is that utilities will drive up the costs and
reduce competition. Such dangers are real. The key to skirting
them is regulatory supervision, not-cutting utilities out of the
transition. Regulations should enable consumers to choose
their own contractors and systems and should protect consUm-
ers who choose not to take advantage of the utility's plan,
making sure they do not end up Subsidizing those who do.48

As Utilities take on new roles they will have to shed and share
',others. The most important ohange will be in electricity pro-

dUction itself. All utilities, whether in capitalist or socialist
nations, ope'iate as legal monopolies. They have been granted
the sole legal right to buy, sell, produce, and distribute electric-
ity in a given area. These monopoly concessions have been
granted on the assumption that electricity productiori and mar-
keting would be less efficient and effective were several compa-
nies competing to provide service. Once that rationale made
sense. The pioneers of electrification in the early twentieth
century quickly learned that setting up competing parallel net-
works of distribution wires and transformer stations for the
same customers inevitably raised ,consumers' costs and lowered
producers' profits. Charters for the-exclusive right to service a
particular area were thus granted by Inunicipal governments.
Along with that right came a legal monopoly on power genera-
tion, even though production Of electricity was never really a
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natural monopolyt The appeal of building ever larger "plants
obscured this distinction until recently when large scale lost.
some of, its economic luster.49

Competition will revive in the electricity industry if utilities
are required to purchase power from independent power pro-
ducers. l4p Europe utilities commonly purchase cogenerated
electricity from industry and municipalities. Fregsh utilities
Ay power from small darn owners, and Danish w requires
utilities to purchase power from small power producers. Even
more far-reaching is the U.S. Public Utility Regulatory Policies
Act (PURPA), which was passed in 1978 and which requires
utilities to purchase electricity from small producers at a price
equal to what it would cost the utility to produce electricity
from new power plants. Already PURPA has transformed the
economics of smallIcale elecfricity generation in the United
States, and an estimabed .1 2,000 megawatts of new electricity
production capacity will resulthy 1995. Dozens of small firms
specializing in wind, geothermal, small-scale hydro, and cogen-
eration have sprung up to prociuce and sell power to utilities.
Under attack by some utilities, PURPA is nonetheless critical
to the deyelopment of new sources of electricity.501

Opening the grid to competition does not, of courSe, dis-
qualify utilities frOm producing electricity stom renewable
sources. Many technologieslarge wind machines, centralized
photovoltaic systems, and solar thermal electric plants among
themenjoy economies of scale that make utilitY involvement
particularly appropriate. In fact:despite the inertia and resist-
ance of most 'utilities, a growing number have begun to look
seriously at promoting renewable energy, In the United States
216 utilities,spent $26 million on 943 projects in 1981, more
than double the 1977 level. Under pressure from state regula-
tors and faced with public opposition to coal and nuclear power
plants, California utilities accounted for much of the spending.
in Europe utilities have begun investigating wind fUrbines. and
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solar thermal electric devices, while expanding reliance on
small-scale dams, district heating, and municipal waste-to-
energy plants.51-

The fourthNand post difficult utility reform needed is a
reversal of the seemingly inexorable trend toovard centraliza-
tion that has prevailed since the 1920s. In the,early days of
electrification electric utilities were Allah. Typically, each
served only one community, and many were ownted or fran-
chised by the people they served. The improved economics of
large plants and the technology of long-distance transmission
made centralized management of far-flung power networks
possible, and utilities consolidated to exploit these possibilities.
Before long, localized distribution systems had become mere
appendages of larger systems. In France and the United King-
dom all electricity production and distribution is now per-
formed by one government-owned company. In the So Viet
Union and most Third World nations utilities have been cen-
trally operated and state-owned sincertheir creation.52

With the advent of new opportunities for conservation and
small-scale renewable energy technologies, the optimum size of \
utilities is no longer "extra large." With key important inyest-
rnent decisions now revolving around demand management or
small-scale power production, local networks will 'become ever

more important and ever more difficult for centralized bureau-
cracies to manage efficiently. Then, too, as utilities begin'buy-
ing power from locally owned sources and financing conserva-
tion-related building improvements, local governments will
acquire a greater stake and ability to regulate them according
to local goals.55

Since centralized organizations rarely break up of their own
accord, governments will have to promote or force this diffu-
sion of power. Once utilities 'become smaller, government's
role will shift again. Then the key task will be Maintaining
minimum operating standards for all utilities and preserving
long-distance transmission systems where they are economic
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Obviously this revitalization will be easiest where remnants of
the early lbcal systems still exist.

k.mong existing energy-supPly institutions in the industrial
world, the U.S. rural electric cooperatives (ntnprofit corpora-
tions owned by the rural consumers of electric power) are well
suited in terms of scale, st&pcture, and supply opportunities tb
seve as prototypes of nev; utility system?' for the renewable
energy economy. The more than i,000 cooperatives in forty-six

states serve '75 percent of ,the land area of the United States.
and fill 15 peicent of U.S. power needs. Since 90 percent of
all coops fiave a capacity of no larger .fhan 50 megawatts and
30 pereent require less than io megawatts of power, a few small

*renewable energy projects can meet most or all of the average
rural/etectric cooperative's power rieed;. The Rivet Electric
Cooperative in Gaffney, South Carolina, demonstrated this
when it renovated an abandoned small hydro plant capable of
meeting one-fifth of its tofal power demand.54.;,16.,

Another appealing attribpte of. the rural electric cooperatives
is their diversity and flexibility. Coops are small enough tO take
advantage of whatever energy resources are available locally.
Perhaps just as important, their history as industry pioneers
makes coops natural agents of change.

Empowering People

Building the institutions needed to realize renewable energy's
potential is a political task. The basic challenge is to empower
people with the knowledge, resources, and freedom required to
solve their own energy problems. Empdwering people requires
redirecting existing national enmry prograrris, mobilizing local
initiative, and unshackling individual effort. Powerful interests
that benefit from the current state of affairs wilt resist change.
Overcoming this entrenched opposition will be possible only if
the beneficiaries of renewable energyfarmers, small busi-
nesses, environmentalists, consumers, homeowners, and the
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unemployedband together and pursue coherent political ob-
jectives. During the last decade, institutions have been pio-
neered that foster the transformation of powerless energy; con-
fumers into self-reliant energy producers. The next politically
rn'ore difficult step, is making these institutions the rule rather
than tIV exception.

Today most energy decision making occurs at the national
level, where tbe highly concentrated interests of centralized
energy usually prevail. Their strength is reinforced by the wide-
spread public perception that energy is a complex esoteric

'apbject best left to energy experts and the energy industry.
nlerefore, it is no surprise that government spending the
world over is skewed toward the large-scale centralized tech-
,nologies favored by large corporations and large public agen-
cies. Thus, Third World countries build large rather thin slim!l
dams, the U.S.,government spends R&D dollars on solar power
towers instead of orr passive solar design, and Brazil's alCohol
program benefits nobody more than it does the powerful sugar

barons.55
The key to counterbalancing the power of entrenched inter-

ests at the national level is formulating new political coalitions
among the latent constituencies of renewable energy. In poll
after poll the citizens of mostscountries show widespread pref-
erence for renewable energy and conservation over, nuclear
power and synthetic fuels. But the potential beneficiaries of
renewable energydo not see themselves as bouhd by a common

. interest, so 'they pursue other political priorities.56
One lesson of the 19705, however, is that declining rural

incomes, housing stock deterioration, and many other issues
that receive more attention than energy problems do are rooted
partly ih misguided ehergy policies.

With,new fuel crops farmers could cut operating costs and
capture new markets. An ambitious effort to add solar equip-
ment to houses would help revive the housing industry, cut
homeownere.bills, and put many uneinployed people back to
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work. Recognizing the hidden links between energy and other
problems could be a powerful catalyst for the formation of new
political coalitions.

What objectives should these new coalitions pursue? Two
tasks seem central. The first is to set up natiOn5l goals and to
redirect existing agencies to Vet them The second is to
channel resources to indiithials, community groups, corpora-
tions, and local governments while assuring that renewable
energy is not unfairly excluded from the marketplace by the
conventional fuel interests. Here national government's role is
that of midwife. Whether in reforesting South Korea's hillsides
or putting solar water heaters o4 Santa Monica's rooftops, local
initiati%e and national government supportt have most often
proved the winning combination.

If national leaders set ambitious but realistic goals, the
effects can be far-reaching. Such goals serve as vital bench-
marks against which various sectors' progress can be measured.
They ,can pressure inert bureaucracies while imparting a clear
sense of broaltii national purpose to the individuals, communi-
ties, and companies that must make change happen. In this
respect, small countries probably have in,iclvantage over larger
ones. Tliey can set goals with a clear, shared sense of what they
will actually mean. In large countries regional differences in-,
trude and national goals often sound like mere abstractions.
Thus, for some countries natiOnal plann(ng is most of what is
needed; in otbers it is only the beginning.

Few countries have yet established firm goals for using re-
newable eneigy. In 1979 the United States established thl goal

' of obtaining 20 percent of its energy from renewable sources
in the year 2.000an increase from the current,6 Percentbut
by 1981 theReagan administration had abandoned the target
altogether. Official neglect notwithstanding, this goal has be-
tome an international benchmark and a measure that U.S.
communities and states can_use to chart their.progress. Other
countries have set ambitious but obtainable goals for particular
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renewable energy sourcesSweden in wood, Brazil in alcohol,
and the Philippkies in wood, hydropower, and geothermal en-
ergy.57

Achieving ambitious national goals requires^ more than es,
tablishing an energy agency or ministry with one branch as-
signed to conduct research and promote renewable energy.
Amid bureaucratic wars over funding, publicity, and turf, di-
verse renewable energy sources (which-have little in common
beside their renewability)) get treated to a blanket approach or
lost in the shuffle. Oddly, the agencies best positioned to pro-
mote renewable energy are not energy agencies but, instead,
those responsible for housing, agriculture, taxation, forestry,
cominunity development, and transportation. Housing agen-

4
cies are better able to stimulate sales and acceptance of passive
solar design and solar water heaters than are energy agencies

\ with no ties to the housing construction industry. Similarly,
agricultural agencies have research centers and extension net-
works of paramount importance in achieving biomass energy
goals. Rather than consolidating all activities related to renew-
a'bles within one agency, governments should form small high-
jevel councils to coordinate, direct, and monitor progress. Or-
ganizationally, then, the challenge is to redirect existing na-

, tiottal programs to new,goafs.
Within this framework' governments should redirect re-

sources to local institutions and private fiims. This need for
local institutions to help match local energy needs to local
energy.opportunities sets renewable energy apart from conven-
tional energy technologies developed and regulated by national
governments.

In in age -Ofcomplex far-Ein-fte-Chno ogical systems, ew
communities think of themselves as having energy choices
Fewer still have a clear idea of which renewable energy re-
sources lie within their reach. Rooting out these misconcep-
tions can be a powerful catalyst for change. The groundwork
for empowering 'citizens to decide their community's energy
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future consiits of a resource inventory andtpliblic discussion of
all alternative energy paths. A good model for "change from
within" is that of Franklin County in rural western Maisachu-
setts.58 - n .

At first glance Franklin County does not ,appear to be a
promising candidate for energy independence. With long se-

Kere winters and no local oil, gas, or coal, the area depends
heavily on oil imported from around the wo"rld. But, looking
closer, a team from the Future Studies Program at the Univer-
sity of Massachusetts found three foundation(for local self-
sufficiency a building stock, so leaky that cost-effective wea(h-
erization could cut energy use by 56 percent by the year z000,
some 157 developed *id undeveloped hydroelectric sites that
cduld make Franklin County a net exporter of electricit5/, and
a poorly managed forest resource base walk the potential to
supply enough wood to run the local transportation system on
methanol Supplemented by passive solar dAsign in new houses,
eogeneration in industrial plants, and distria heat in the denser
towns, these resources could permit Franklin County toi be
completely self-sufficient in energy by the year z000 F r from
an economic drain, researchers found !Fat such a "s ar sce-
nario" would substantially impeove the local economy y creat-
ing jobs, strengthening the tax base, and eliminating the export
of funds for fuel. Spurred by the study's conclusions, a broad
coalition of citizens is today working to make use of these
previously hidden.energy.resources. Involving people in a frank
assessment of their community'S energy future turned passive
cOnsumers of iniPorted fuek into selfirelidnt energy activists.°

Local governments have a yarietj, of powerful tooli at their
disposal Tlilintrol land use through zoning ancl building
design throber teodes In addition, they own, franchise,
regulate the collection and disposal of waste and the placem

ater pipes, power lines, and district heating systems. Before
arge-scale energy systems -became the norm, localities were

largely self-reliant in energy. Some could be again.0
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California, where 20 percent of all new housing in the U.S.
is being built, now requires urban developers to take solar
orientation into account in laying out streets and siting build-
ings. By plarmin subdiVisions with an eye to tsolar access,
communities m e the later use of solar collectors ealier. Build-

ing codes too n servo as powerful instruments: California's
Title 24 building standards have, for example, helped reduce
energy use in new residences by 50 percent since 1975. Going

a step farther, San Diego County"requires all new buildings to
feature solar water heaters. The public supports these regula-
tions because they are tailored to perceived needs.61

More often than not, municipal goyernments actually own
ke heat- and ejectricity-producing resources: the waste stream,
utility corridors, and unused land. Neighborhood by neighbor-
hood, local governments or local cooperatives can build source,

'separation programs that open the door to sophisticated recy-
cling projects like those undekay in West Germany. Or they
can follow northern European and 'Soviet cities, which have
planned and built elaborate district-heating systems. In the"
Ipdtan state of Gujarat, committed officials turned roadsides
kid yards around government, buildings into a fuelwood re-
source for the poor and a revenue source for the government.
Dedicated to promoting renewable energy, such initiatives can

*/) turn neglected resourceinto the foundations of local energy

Market-responsive private films are alsoopktital actors in
systems.62

bringing renewable energy intoxwidespread use. Like local gov-
ernments, they can adaPt their activities to diverse, 'site-specific
opportunities. With profitability uppermost in mirel, small
firms vigorously seek innovative itechniques and cost-cutting
strategies, and they Make sure things keep working after the
ribbon-cutting ceremonies. Whereas governments too often
throw good money after bad to escape political humiliation,
businesspeople usually know how to cqt their losses and learn
from their mistakes.
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The versatility of companies in taking advantage of profit-
making op-portunities enables them to create links between
owners of resources, developers of technology, and energy mers
that would be hard for governments to match. Among the
most dynamic of such linking institutions are the small firms
that have sprung up to produce and sell electricity to American
utilities By bringing capital together with engineering know-
how and regulatory acumen, these private companies catalyze
much of the renewable energy activit4/ occurring in the U.S.
electricity sector today.43

Remarkably fragile despite their immense enotivating fewer,
marktt incentives can fail or backfire a) a. result of corporate
or gaernment actions Typicalry, large corporations have ck
cluded new iburces of energy from the marketplace. FOr
decades, the oil companies and the utilities have systematically
used their power over distribution syst.pms--'in essence the
marketplace for liquid fuep 'and electricityto 'keep out

416 ethanol, small dams, and cogeneration.
' In 1977 mismanaged government aid deal a crippling blow
to the nascent solar water heater intltry the U.S. When
President Carter announced a tax credit with great fanfare,. -,
consumer demand fell by almost one-half because would-be
btiyers waited for over a year for the goveffitnent aid to become
available Within months many solar firms were forced into
bankruplc3%,and the industry's evolution was delayed by a year
or two. Here the lesso4 is that while central governments are
essential for setting goals, providyg information, subsidiing
research, and 'solving equity and environmental problems ey
must leave much of the "doing" to those who do bestc
munities, individuals, and corporations.64

Those .countries without either a
a stvng tradition of local probler solving will, of conise, be
at'a decided disadvantage in promoting the widespread use of.
the-smaller-scale renewable energy technologies. Centralized
planning and capital allocation cannot effectively substitute for

change system or
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market incentives and local initiative when harnessing diVerse,

site-specifikresources. In the Sdoviet *ion, for example, cen-
tral planners have been successful in building la;ge dams and
urban district-heating systems, but not at promoting industrial

energy conservation. ClearlY, bureaucratic conynands and re-
wards are not enough. But where central planning is stipple-

mented by strong local government initiatives as it is in China,

chances for success are better.
Empowering individuals and providing those institutions

nearest them with resources is a political challenge that will test
the instituto6al flexibility and responsiveness of most societies.

By actiq to solve their own energy needs andbanding together

to force governments to support their efforts, individuals can
break the momentum of existing institutions. The obstructions
are many and powerful, but the first and most decisive step is

, an individual oneto recognize ourselves as the potential mas-

ters of our energy futures. Multiplied on a planetary scale, the
self-empowered individual is the basic force for achieving a
renAble energy future.

,
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E ver since people contibived of harnessing the power of the
sun, waters, winds, and earth, they have also speculated on the
shape of a renewable society. With a deeper gasp of the energy
potential of the earth's self-renewing processes and new plans
to harness them, we now ask what the implications of an energy
transition are for society as a whole. 'Today's economies and
societies have been shaped as much by the availability qf inex-
pensive oil as by aitk other force. But this dominance is now
slowly ending, and, whatever our future energy sources,

. changes are inevitable.
To rely heavily on coal and niiclear power is to narrow

societies' future options. Environmental dapage would limit,
_ .
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reas where people can live comfortably. The "security
state'. mentality would become pervasive as societies sought to
protect thousands of central power plants from extremist
groups. The power of a small elite over energy technologies
would necessarily be strengthened, wrested away from ordinary
people. Massive reliance on coal and nuclear power would
mean that societies would increasingly have to sacrifice their

yther priorities to energy p1oduction.1
Renewable energy, on the other hand, can preserve options

rather than close them. Harnessed by centralized or household
technologies, renewable energy could boost employment, bring
new life to declining rural areas, and enhance local and regional
self-reliance.

New Landscapes

"Buy land," advised the American humorist Will Rogers,
"they're not making any more of it." Behind the visible con-
straints of water, energy, and food, lies the more basic limit of

'1/4-4and.1Although there are still many empty deserts and uninhab-
ited expanses of tundra, productive, livable land is already in
short supply. Greater use of renewable energy technology can
actually help moderate rising conflicts over land use. Energy
production can be combined with existing land uses or concen-
trated on largely unused land. Indeed, intensifying land ,use to
derive energy without obstructing other uses could give new
primacy to the la4ndscape arts and local planning.2

Because solar energris so diffuse that large areas of collectors
whether plants, wind turbines, or solar panelsare necessary
to capture significant quantities of energy, tomorrow's land-
scape Will be far different from today's. Howeyer, the impor-

* tant question is not how much land a ,given energy system
takes, but whether it uses land not otherwise useful or whether
it can piggyback without displacing existing uses. Some renew-
able energy systems, most notably large fuel plantations that
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compete with food or fiber crops for prime farmhand or hydro-
poWer projects that flood rich river bottom land, crowd out
other valuable land uses. For this reason they will never ap-
proach their physical potentiaL But a greater number of renew-
ab.le energy technologies will either make use of Marginal land_
or intensify existing land use. ,

The ultimate in such dovetailing, of couise, is the use of
passive dwellings thai essentially turn roofs, Windows, and
structural supports into heat collectors and regulators. With
the building itself serving as a solar collector and solar water
heaters and photovoltaic systems built into the roofs of houses,
no additional land is needed for energy. Contrary to the image
of "solir sprawl" stemming from the widespread use of solar
collectors, most electricity and heat requirements of urban
areas can be met using available roof space. Some idea of this
potential is provided by a University of California study of
several U.S. cities. Using detailed aerial photographs of Denver
and Baltimore, the researchers found,that the cities as a whole
could come close to meeting their land requirements for energy'
with surpluses from the warehouse district making up for defi-
cits in the central business district.3

Fast-growing trees planted along roads, streams, between
houses, and under power lines will also collect solar energy.
Besides providing energy on a cheap, maintenance-free basis,
urban trees moderate temperatures, absorb noise, and clean the
air. In a harbinger of this multi-purpose land use, Hagerstown,
Maryland, is plantinitrees on 5oo acres of marginal land. The
trees will be fertilized with sludge from the town's sewage-
treatment plant and later gasffied to power the plant. In iural
areas, trees planted along field borders to supply fuel for farm
machinery will also provide wind breaks and moderate the local
climate.4

The landscape of a solar society would be more natural than
today's landscapes. Citied, suburbs, and rural areas would be
blanketed with a canopy of trees pleasing to the eye and sooth-
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ing to the spirit. buildings are likely to be more climate-sensi-
tive and more integrated into thek surroundings. Landscape
design will occupy a central place NI energy production and
consumption, and city dwellers will h ve the chance to reat-
tune themselves to their natural surro dings. Overall, cities
will, have a gardenlike quality. Nature, 4n a ,Controlled and
limited fashion, will have reclaimed areas alluman habitation
and activity.' .

This blurring of artifice and nature will alsextend to lands
today largely untouched by human hands. Solar ponds Can turn
otherwise unused desert salt fiats or brine lakes into energy
collectors. Taming rivers far film cities will prevent the flood-
ing of farmland, though' the primordial quality of Many of the
world's pristine waterways could be forever lost. Large wind-
mills in. mountain passeS or along coastal areas can iniTde on
ocean and mountain vistas, so much care id needed to keep the
earth's wild plaCes wild. Harnessing the natural energies Of the
last wildernessesSiberia, the great salt deserts of the Ameri-
can Southwest, the Amazon ,Basinmay make sense in the
calculus of material need but not in the deeper logic or the\

,human spirit. Our species' ancient dream of subjecting the w'\i d
spaces to human control will, without care, become the nigh 7 \
mare of a totally fabricated planet.6

Today's conflicts over the siting of oil, coal, or nuclear facili-
ties in wild areas center around ecological and health 'threats,
but controversies in ,the future could pit more benign renew-
able energy systems against aesthetic or spiritual values. Ulti:
mately, only pOpulation control, improved energy efficiency,

. and restrained material appetites can insure that energy com-'
plexes do not literally cover the earth.

The intensification of land use to meet energy needs will
slowly erase the line between energy production and other
endeavors. The "energy sector" may lose its definition as farm-
ers, homeowners, waste recyclers, and city governments be-
come part of the energy syst *thout devoting their full-
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time attention to it. Energy use and production will begin to
merge with other activities. As individuals, communities, and
countries pursue their own, solutions, energy systems and en-
ergy policies could become increasingly sterile abstractions,
largely irrelevant to practical living. Energy may not be an
easily definable part of either the physical or the intellectual
landscape in societies reliant on renewable sources.

Renewable Jobs

Tod often neglecteclis the impact that different energy alterna-
tives have 'on employment. A basic measure of economic and
psychological well-being, employment is an essential standard
against which renewable 'energy's viability shouldhe measured
and toward which renewable energy development should be
directed. .

The substitution of energy and capital to perform tasks once.
done with hu n hands has been a century-long trend that lias
helped boost worldwide production of goods and services
and freed mi1ions 'from drudgery. Today, however, rising en-
ergI prices and rising unemployment call into question the
simple formula That worked so well in the past. Already, high
energyyrices have contributed to job losses irt the automobile,
chemical, and steel industries. With 36 million people entering
the global work, force each year, technologies must be judged
by their ability to create jobs as well as to supply energy.7

Studies conducted in the last several years show that devel-
oping one energy source creates very different numbers and
types of jobs than developing another. Each approach results
not only in direct jobssay, in drilling oil wellsonanufacturing
wind machines, or installing insulationbut also in a certain
number of indirect jobs in related industries and services.
Moreover, sorne-energy sources create mainly unslcilled jobs,
while others create ones that require specialized training. Some
create jobs in urban communities, some in rural areas, and
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others in remote regions that become fast-fading boom towns.8
Evidence gathered so far suggests that renewable energy

development will create mA jobs than would the ,same
amount of energy obtained froi-on il, natural gas, coal, or nu-
clear power. The most detailed case study, conducted by the
Council on Economic Priorities, cotnpared the job-creation
potential of a solar/conservation strategy and two profmsed
nuclear power plants on Long Island. Solar energy alone was
found to create_ nine times as many lobs per unit of energy
produced as nuclear powert.and overall the alternative strategy
yielded nearly three times as many jobs and two times as-much
usable energy as would the nuclear plants. Studies Sponsored
by the state government in California indicate that active solar
systems create more than twice as many jobs as either nuclear
power or liquified natural gas. And according to the U.S. Office
of Technology Assessment, deriving energy from forestry resi-
thies is 1.5 to 3 times as labor-intensive as using- coal.9

The types of jobs created in renewable energy development
run the gamut. Such technologies as solar collectors, wind
generators, and wood gasifiers are likely to be manufactured ori
assembly lines that will be partly aulomated but still require
numerous semiskilled workers. Installing most of these decen-
tralized devices will also create jobs, some of them quite similar
to existing jobs in construction, plumbing, and the installation .

..
of appliances. Renewable energy development also creates a
demand lor a wide array of more technical jobs in such fields'
as resource assessment, adVanced research, and systems engi-
neering.

Perhaps the most laborlintensive of renewable energy
sources are the various forms of biomass. Fuelwood plantations,
methanol plants, and biogas digesters all use less capital and
more labormost of it ralthan do conventional energy
sources. Polycultures of m ed food and energy crops will re-
quire even more labor sinc they are less amenable to mechani-
zation than are monocultures. The relatively small conversion
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facilities built to turn biomass energy sources into liquid and
gaseous fuels will also offer new jobs. The widespread use of
methanol in Canada, one study shows, wOuld create 50,000 to
6o,000 permanent jobs, three times as many as a comparable
tar sands development. For developing countries wood gather-
ing and charcoal production are already major sources of em-
ployment, and sustainable fuelwood projects will create many
more jobs.10

An intriguing aspect of the employment-creating potential
of "reuewables" is the flexibility they allow. Each energy source
requires a different amount of labor. Each can be developed in
more than one way. The variables are local priorities and re-
source availability. Some industrial countries, Sweden and the
-United States among them, are seeking to mechanize the har-
vest of likely energy crops, while in the Philippines capital
shortages and surplus ineicpensive labor are bringing about a
revival of traditional nianual axes and pruning hooks.n

Renewable energy alone catmot resolve the world's immense
employMent problems. Yet it can take uS beyond the boom-
and-bust cycles that have for too long characterized energy
development's impact on employment. Since renewable en-
ergy must be continuously harvested, jobs in manufacturing
technologies and repairing them and in gathering fuels and
processing them will always be available.

Rebalancing City and Count?),

For most of this century and especially since World War II,
the relationship between cities and the countryside has been
undergoing immense change. Throughout the world people
have been moving away from farming and into urban industrial
and service jobs:Only 5 Percent of North Amerfeans are farm-
ers, but they produce enough food for the other 95 percent of
the, people, as well as grain exports for ioo other nations. In
the developing countries the forces ,shaping the city-country
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baiaace are grimmer, the freerdom of choice more constrained.
Many people move to cities because rural areas cannot provide
expanding populations with an adeuquate living.12

Renewable energy Can begin to right the balance between
cities and the countryside by helping to revitalize rural areas,
particularly in the developing countries, where the high cost of
conventional energy sources threatens to pauperize the major-
ity. Small imounts of renewable energy could have a catalytic
effect, raising agricultural pIoductivity and stimulating the de-
velopment of rural industriesgiving rural areas the self-sus-
taining economic base they lack.

Biological sources of energy will probably be the most impor-
tant in rejuvenating rural areas. But some social risk is involved.
In Brazil and the United States alcohol fuels production has
depended on large plantation-style farming, which can encour-
age hither concentration of rich land among a few owners.
Luckily, economics may succeed where land-tenure initiatives
have not, since integrated food/energy farming is ideal for
smaller farms. It reduces the need for fertilizers and Pesticides,
and makes mechanization less_necessary to success.

By tapping renewable energy rural areas can develop a neW
economic support system and provide an important "export"
to cities, as well as stabilize coismodity markets and local
economies. Agro-forestry systems may be particularly wide-
spread, occupying marginal, now-underutilized land. Trees can
be`harvested for various uses besides energy or left standing if
prices, are depressed, thus reducing the small firmer's vulnera-
bility to sudden changes in commodity prices. Forage and

, food-producing trees can also provide steady income.
The widespread use of renewable energy could, some say,

lead to the dispersal of large, dense cities. ;Researchers at the
Institute for. Environmental Studies 'at the University of Wis-
consin believe that switching to renewable energy will lower
population densities, giving rise to commtinities of 35,000 or
so surrounded by intensively cultivated bands of farm and
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forest lands. Another possibility is that large cities will undeigo
a renaissance, becoming more livable as competition for scarce
resources stops escalating.13

The visionary architect Paulo Solari has sketched one new
kind of city that is much denser than those of today. Most
transportation would consist of walking, and heating and cool-
ing needs would be met mainly by improved design. Solari
envisions "green areas" around these cities, which would pro-
vide recreational opportunities for the residents as well as a
means of growing food and hainessing energy. `Like all such
visions, Solari's is not likely to appeal to all people. Some would
argue that cities should be less centralized and that 'homes
should be privately owned and more architecturally diverse
than Solari would allow. Yet Solari's ideas do confirm the need
for a new and innovative balance between cities and tile coun-
tryside.14

Besides their obvious commercial and cultural attractions,
large cities have an enormous potential for energy efficiency.

, Even today, New York City uses half as much energy on a per
capita basis as the United States as a whole, largely because its
high density means that less energy is needed for heating,
cooling, and transportation. All cities have opportunities to
further improve energy efficiency, and these improvements can
be supplemented by using renewable energy sparingly in the
form of solar water heaters, passive solar design, and heating
systems using municipal waste.15

Rising Self-Reliance

As renewable energy becomes more important in the world
energy budget, patterns of international energy trade will shift,
with far-reaching consequences for the global economy and the
security of nations. No form of renewable energy (or, for that
matter, nonpetroleum fossil fuel) is likely to ever replace petro-
leum as the driving force in global trade patterns. As the world
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shifts to renewable energy, this_global energy trade will be
gradually replaced by regional self-sufficiency and local self-
reliance. .For the next several decades, the most important
energy supply opportunities will be within nations or between
neighboring countries rather than between distant trading
partners.

The years since World War II have seen an unprecedented
growth in long-dilance international trade. The engine of this
globalization of economic exchange has been oil. Between
195o and 1980 oil's share of total international trade ballooned
from 1.5 to 19 percent. In 1980 the value of oil traded on the
international market was twice the value of the second largest
good, food. Even more sobering, one oil-importing country
after another was forced during the 1970s to reshapeand
often distortits economy to produee for export. This chain
reaction teaches deep into economies. America plows up mar-
ginal fafmland to produce exportable food, Japan strivei to sell
high quality industrial goods; Tanzania plants fields with to-
bacco rather than with food crops.16

There are no Saudi Arabias of renewable energy. Most every'
place on earth has an abundance of either strong wind, intense
sunlight, rich plant growth, heavy rainfall, or geothermal heat.
Moreover, neither these energy sources nor the electricity or
gas that will be generated from them can be cheaply carried
across the oceans. While laying electric transmission cables
under bodies of water the size of the English Channel or Lake
Erie is feasible and could become more so as nations exploit
regional energy trade opportunities, transmission of electricity
under the oceans or for distances over 1,000 miles is unlikely
both because of power losses and high costs. Building gas
pipelines under large bodies of water is not feasible, and liquifi-
cation and regasification is prohibitively expensive and danger-
ous..

Localities will be much more energy self-reliant in a world
where renewable energy is dominant. David Morris of the
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Institute for Local Self-Reliance observes that today "a dollar
spent on energy is the worst expenditure in terms of its impact
on the local economy-85 cents on a dollar leaves the econ-
omy." However, with renewable energy much of the money
now leaving one nation for the purchase of fuel from another
yrill be spent on locally gathered supplies. Heat for buildings
in North America will come from the rooftops, not from the
Middle East. Villagers in India will light their houses with
electricity generated using the tesolirces of the local environ-
ment instead of with kerosene from 1ndonesia's outer conti-
nental shelf. As the distance between users and suppliers of
most energy supplies shrinks, self-reliant communities will be
ever less subject to sudden price hikes, supply interruptions, or
sabotage. Energy production will thus reinforce rather than
undermine local economies and local autonomy.17

As energy becomes harder and harder to distinguish from
real property such as farmland, buildings, or waste treatment
plants, political attempts to redistribute it will not be as feasible
as they are in a world where oil is almost as convertible to other
goods as money itself. Taxation of energy flows by central
governments will be more difficult as an increasing share of
energy used never enters the marketplace or is provided in
orms not readily comparable to energy used in other -com-
munities. And such attempts' as the New International Eco-
nomic Order to redistribute international wealth by redis-
tributing resources will find energy less and less transferable.

Countries filled with communities_that use small-scale dis-.
persed energy technologies will be much less militarily vulnera-
ble. As a recent U.S. government studY points out, Japan
reliant on small hydro plants for 87 percent of its electricity
emerged from the boinbing attacks vof World War II with
almost all its power-producing capacity intact. On the other
hand, Germany's ability to wage war _collapsed when allied
bornbeis.destroyed the relative handful of large coal and syn-
thetic fuel plants that powered German industry. In an era
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when the threat of terrorist destruction is growing, countries
heavily reliant on networks of small dams, wind turbines, and
alcohol stills will be coniiderably more secure than those with
large central power plants. Large dams, however, are societal
jugular veins in wartime,inviting targets virtually, impossible
to protect from modem bomber or missile attacks.18

Localities may achieve increased self-reliance, but only larger
regions will approach self-sufficiency. Energy in the form of
methane, methanol, or electricity will be exchanged within
regions to supplement locally harne-ssed energy. Regional trade
may gradually supplant global trade. Thus, Germany will rely
upon imported Danish wind power rather than on Persian Gulf
oil, NeW England on hydropower from Quebec rather than on
oil from Venezuela, and India on electricity from Nepal rather
thaNn oil from Indonesia. This regional trade in energy will,
of cciurse, more readily register on the international trade ledg-
ers in areas with many small nations than it will in inulti-
regional countries like Brazil, China,--or the United Sthtes.

The replacement of global by regional interdependency will
be powerfully reinforced by basinride river development pro-
jects. The large dams rising on the Parani, for example, will

,

forge strong links between the economies of Paraguay, Brazil,
and Argentina. By allowing navigation far upriver and provid-
ing power for new industries, the dams will draw these econo-
mies closer in the same way the St. Lawrence River projects
did Canada and the United States. Economies in both South-
east Asia and the Indian sidicontinent will become intertwined
as the Mekong, and the Ganges are harnessed. The need for all-
riations sha4ng a river basin to protect dams from sedimenta-
tion will give new impetus to regional reforestation and crop-
land protection. River valley inhabitants will take keen interest
in the well-being and land-use practices of their highland
neighbors. The easing of poverty in the uplands will be an act
of regional self-interest rather tharAof global charity.19

.The rise of regional interdependence will make peaceful

'V
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accommodation between neighboring countries more impor-
tant than ever. ,Where deep cultural, religious, or political
clew, ages exist between .regional neighbors, resources may re-
main urtveloped or rivalries may intensify as nations struggle
for control over common resources. Increased reliance oh latge
dams will affect regional politics by creating "mutual hostage"
relations among neighboring countrie's. Yet large-scale hydro-
electric development can bind together former enemies if their
_leaders cooperate to reach common goals. BraziPand Argentina
overcame a tradition of hostility and suspicion to develop the
rich energy resources of the Parani River, which forms the
boundary between the two countries. War between these
neighbors would now be far more costly than before since a
major Oart of the national wealth of each depends upon the
continued operation of these expensive dams.

Shifting Power

Writing over a century ago, an early solar pioneer, John Erics-
son, prophesied. "The time will come when Europe must stop
her mills for want of coal. Upper Egypt, then, with her never
ceasing sun power, will invite the European manufacturers to
erect his [sic) mills . . . along the sides of the Nile." While
Ericsson's vision has not materialized, the use of renewable
energy has already shaped the location of industry and the
relative power of nations. These patterns are most visible for
the renewable source of energy thus far harnessed most exten-
sivelyhydropower.20

Throughout history, the avairability of hydropower resources
has been a key to the location of industry and cities and the

of, relative power of nations. When waterwheels were the domi-
nant hydropower technology, factories were small and dis-
persed throughout the countryside. Water's influence on urban
location can best be seen in the eastern United States: Dozens
of cities, from Springfield, Massachusetts, to Augusta, Georgia,
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cluster on the fall line where rivers drop from the Appalachian
Piedmont to the coastal plain. Historians rank northern
Europe's abundant hydropower resources .as an important rea-
son for the eclipse, of the drier Mediterranean countries over
the last few centuries.21

The explosive rise to influence and wealth of the petroleum-
producing nations dominated world politics in the seventies.
Within countries shifts of power have been just as dramatic7,
Australia, Canada, the Soviet Onion, and the United States
have all seen people and power move to their fossil fuelpro-
ducing regions. Yet these changes have drawn attentibn away
from a slowerbut more permanentrealignment of power
and wealth to regions rich in water power. Just as factories and
towns clustered around the mill sites of ioo years ago, so; too,
new industries will locate near new dams in sparsely popUlated
regions.

Quebec provides the most dramatic contemporary example
of a region's rise to prominence clue to-its water refources.
Launched ten years ago, La Grande Complex in northern
Quebec will soon produce 11,400 megawatts, enough power to
double the province's installed electrical capacity. Further ad-
ditions on other rivers could bring the total to 27,500 mega-
watts. Using cheap power shipped south on giant 735-kilovolt
transmission lines, QUebec hopes to revitalize its economy by
attracting new industries. Electrification of oil-using industries
and exports of power to the United States will reduce the area's
dependence on costly imported oil and provide a permanent
source of foreign exchange. In a pattern of dependence certain
to grow, New York City by 1984 will receive 12 percent of its
poWer from Quebec. This ambitious hydro program will give
the French-speaking province new prominence within Canada
and new leverage in its battle for greater autonomy and cultural
independence.22

The development of hydropower in remote areas of the
world will also have repercussions, on the international eco-
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nomic system as important energy-intensiveidustries relocate
near water resources. The most dramatic shift is occurring in
the aluminum industry. Aluminum smelting requires prodi-
gious amounts of electrical energy. In regions where hydro-
power is plentiful, aluminum smelters, which cluster around
major dams on every continent, are often the major users of
electricity.23

In the y.ears ahead aluminum production will level off or
even decline in Japan, the Fontinental United States, and
Western Europe as new aluminum smelters migrate to the
world's peripheral regions, where major new hydroelectric
complexes offer plentiful and cheap power. Aluminum compa-
nies are building major new plants in Brazil, Egypt, Sumatra,
and Tanzania to take advantage of newly tapped hydro sources.
Similarly, power shifts to the periphery can be seen within
nations: Soviet aluminum production is moving deeper into

_ .
Siberia, following new dams.24

The world', s growing appetite for aluminum combined with
the migration of smelters spells increased dependence between
nations, and it could seriously affect many countries' balance

, of payments. New aluminum smelting sites could have a great
impact on global employment if labor-intensive aluminum
processing and finishing industries follow the produders of raw
aluminum to major new dams. Just as nItions that produce and
export oil have sought to attract petrochemical and refinery
activity, so too will primary aluminum producers try to entice
related industries to the area. Already Venezuela, taking a cue
from its success in attracting "downstream" Oil industries, is
seeking to force aluminum producers using its cheap hydro-
power to locate their highly profitable aluminuin-processing
and -fabricating facilities on Venezuelan soil. Should other
hydro-rich nations follow suit, industrial nations could suffer
job losses. These could be offset, however, by gains in countries
that vigorously pursue recycling, which tends to be Much more
labor-intensive than either aluminuM smelting or processing.25

*
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Large wind machines,ocean thermal energy plants, and solar
ponds could have similar effects on the balance of industrial
and political power. Those remote regions of the world where
strong winds blow or where the sun shines intensely may one
day attract energy-intensive industry. The steady gale force
winds howling off the Antarctic ice shelf are a far denser
concentration of energy than the most sun-drenched equatorial
desert. One day they may be a valuable enough lode of energy
to lure humans to adapt .to that forbidding climate. The salt-
rich deserts of the world are also an early candidate for coloni-
zation by human energy systems.

It is, however, doubtful that large population centers will
grow up alongside such large-scale energy development. Ex-
tremes of climate, lack of water, and forbidding transportation
distances all stand idthe way. More likely such areas will export
energy in the form of electricity, ammonia, hydrogen, or
smelted metals. Those nations containing such energy rich but
inhospitable provinces will reap the benefits. The wastes of
central Australia, southwest North America, and the vast des-
ert stretching from Morocco to the Great Wall of China will
change from blank spaces on the map to economic assets.
Deserts that long served as buffer iönes between nations may
become objects of rivalry between them, adding a new dimen-
sion to international politics. Those energy resources that be-
long to no countrythe winds of Antarctica or the thermal
gradients of the ocean, or instancecould become subject to
protracted Law of t Seatype negotiations.

New Equalities

Societies relying on renewable energy will have more balance
between the rich and the poor, between nations, and be-
tween generations. The adequacy of energy supplies is deter-
mined not by the absolute amounts available, but by how they
are distributed and whether individuals can afford the energy
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they need, Ours is a world of Ira Ves and have nots. Limousine
owners in London have all the gasoline they need even during
"shortages," while inadequate fuelwood or kerosene is a grim
everyday reality in the mountain 'villages of Peru. Similarly,
heating costs are hardly significant to apartment dwellers in
Manhattan, while in the nearby South Bronx huddling around
open ovens is the only way of keeping wIrm in the winter.26

As the equity question underscores, the major frontier today
in most renewable energy technologies is mass production,
which lowers the costs of solar collectors, biogas digesters, wind
pumps, and even passive solar homes, bringing them within
reach of low-income groups. If the initial cOital costs are
reduced and some subsidies are provided for the poorest, 're-
newable energy could help narrow the gap in living standards.
And once installed, renewable energy technologies are immune
from fuel-price inflation, affording low-income people some
protection from economic shocks and supply disruptions.

One successful example of renewable energy being har-
nessed by low income people is in the large but isolated San
Luis Valley in Colorado. There several communities with a
total population of 40,000half of them with incomes below
the poverty linehave 'mobilized to solve their energy prob-
lems. Since the late seventies 15 percent of the Valley's homes
have been "solarized," and solar collectors, greenhouses, and
crop dryers are now a common sight. Many of the systems are
home-built at less than half the cost of comparable commercial
equipment. Residents of the San Luis Valley are still not as
wealthy as those in the Denver suburbs, but many of their
energy needs are now met at an affordable price.2?

Renewable energy can also help narrow the_ enormous
inequalities between rich and poor nations. While some coun-
tries obviously have mcire abundant 'renewable energy sources
than others, the gap between the best and least well endowed
is not great compared to the inequalities of fossil fuel owner-
ship. Indeed, some of the richest lodes of renewable energy are
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found in some of the poorest countries. For the more than fifty

4eve1oping countries that are plagued both by extreme poverty
and a complete lack of fossil fuels, renewable energy could

represent the energy base needed to create wealth. Gentral
America, for example, currently suffers from widespread pov-
erty and staggering oil bills, but could fuel substantial eco-
nomic growth by tapping abundant hydropower, geothermal,

and biomass resources.
In energy terms all nations are "developing.". To be sure

some countries have advantages over others, but all the world's
countries face a common need for a fundamental transition to
new energy sources. .Although lack of capital and scientific
infrastructure will impede renewable energy development in
the poorest countries, their lack of previous investment in large
fossil fuel and nuclear systems could be an asset. Third World
nations could enjoy some of the asivantages that West Ger-

many and Japan had after World War II since they wilhnot
be burdened with outmoded equipment. It could, forexample,

be easier for the Philippines to build cities and iridustries

around geothermal sites than for France or Japan to rebuild its

economy around new energy sources.28
After decades of developing greater dependency by impOrt-

ing technologies from the North, some countries of the Sqiith

are-t-haltingly and in diverse waysbeginning to devise:pat-
terns of energy development appropriate to their own resoieces
and circumstances, Using wood charcoal for steel-makhig, hy-

dropOwer for cities and industries, and alcohol for automobiles,
Brazil is building a modern industrial society that relies heavily

on renewable energysomething no major country in the
North is near achieving. Israel has reached the frontier in solar

pond development and the Philippines in geothermal develop,
fnent, putting the industrial nations in the "less developed,"
learning situation. Serious obstacles notwithstanding, these
countries and China are probably as far along in building a
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modern economy based on renewable resources as any industri-
alized nation.

Renewable energy can restore some balance between genera-
tions as well. PerhapS a quarter of all the petroleum that will
ever be used on earth has been burned since World War II,
and the rest is dwindling rapidly. In one generation a trove of
energy accumulated in the earth over eons has been consumed,
depriving future generations of their birthright. Fossil fuels
and particularly oil and gascan continue to play a unique role
in petrochemical production and some forms of transportatio`n
for a long time, and ours is the responsibility to ensure that
many of our descendants have at least small amounts available.
The more rapidly renewable energy is 41eveloped, the more
likely that legacy. With nuclear power, however, the present
generation goes beyond depletion, burdening the earth's in-
heritors with highly toxie wastes' that will last millennia.

In contrast, the self-renewing energies of the sun and the
earth can be harnessed by the living without diminishing the
supply of energy availaWe for the\ unborn. Properly executed
renewable energy development bequeaths no legaCy of environ-
mental destruction and instead creates wealth for future gener-
ations. Some renewable energy technologies, like solar collec-
tors, small wind machines, or wood stoves rest so lightly on the
earth that the future may see no sign of their use. Other, more
enduring changes, like dam building or forest planting, are
assets bequeathed to the future by an Otherwise profligate
d'eneration. We find it easy to forget that the early northern
Europeans ran their factories with Waterwheels that south-
ern Floridians heated their 'water using sunlig in the 1930s
because the physical evidencerotted or r cycledis gone..,
from sight. But who will be able to ever forget that Chicago,
Seoul, or Moscow relied on nuclear power for a brief moment
in history?

Renewable energy development is surely the most conserva-
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tive yet innovative energy course to follow. At our present
crossroads we cannot maintain what we cherish -unless we
change the energy systems on which we rely. Only with rebew-
able energy 'can 'our children enjoy at a reasonable 6ost the
benefits we'have enjoyed. Only with renewable energy develop-
ment can we raise the living standards of most of. the great
majority. The power needed to make these choices is at hand.
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April 21-23, 1975, Joseph G. Asbury and Ronald 0. Mueller, "Solar
Energy and Electric Utilities. Should They Be Interfaced?" Science,
February 4, 1977 and "Colorado PUC Orders New Electric Backup
Rates for Solar Energy," Solar Law Reporter, September/October,1979.

67. Modesto A. Madique and Benson Woo, "Solar Heating and Electric
Utilities," Technology Review, May 1980, Norman L. Dean and Alan
S. Miller, "Plugging Solar Power Into the Utility Grid," Environmental
Law Reporter, July, 1977, Stephen Feldman and Bruce Anderson, "Fi-
nancial Incentives for the Adoptidn of Solar Energy Design. Peak Load
Pricing of Back-Up Systems," Solar Energy, April 1975.

68. TVA's solar program is described in S. David Freeman, "After the
Joyride," The Futurist, December 1080. The impact of greater use of
renewable energy on the TVA system is analyzed in U.S Congress,
General Accounting Office, "Electric Energy Options Hold Great
Promise for the Tenneiste Valley Authority," November 1978.

69'. "Utility Makes Gain in Renewables Plan,", Solar Law Reporter, Jan-
uary/February 102, Larry Goldberg, "Bringing Solar Down To Earth,"
Critical Mass Energy Journal, June 15, 1982, "SoCal Edison: Up the
Soft Path," The Energy Daily, March 19, 1981. .

70 A review of 198o utility activity in tht solar field is found in Margaret
Laliberte, "Solar Update," EPBI Journal, June 1981.

3 5 1.



.,

338 Notes (pages 4-88)
,

71. The GM against utility and oil company involvement in solar energy is
made in Scott Denman and Ken Bossong, "Big Oil Makes Its Move,"
Amicus Journal, Spring 1981, and Ken Bossong, "Opposing Utility
Involvement in Solar Pommercialization," Citizen's Energy Project,
Washington, D.C.: July 1979.

72. Examples of recent sales of solar subsidiaries are described in Peter
Steinhart, "Standard Oil Sells DHW Technology," Solar Timis, No-
vember 1981. "Ainerican Solar King Acquires Daystar for $2.2-VilliOn
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1. Estimate of wpm sOlar-powered houses is from Paul Maycock, a U.S.
photovoltaics consultant, private communication, March 8, 1982.
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Sunworld, Vol. 4, No. 1, 1980, and Jeffrey L. Smith, "Photovoltaics,"
Science, June 26, 1981.

6. The costs cited.in this chapter are for solar cell "modules," ttriless
otherwise noted Photovoltaic "systems" costs 2re nearly twice 2S high
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field, Va.: National Technical Information Service, 1982).

16. Concentrators are described in E. C. Boes, B. D. Shafer and D. C.
Schueler, "Economic Motivation for Photovoltaic Concentrator Tech-
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voltaics Program (Washington, D.C. U.S. Government Printing Office,
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Industry. A Question of Balance (Washington, D,.C.. Center for Renew-
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Section'af the International Solar Energy Society, Annual Conference,
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cluded in Ray Reece, The Sun Betrayed: A Report on the Corporate
Seizure of U.S. Solar Energy Development (Boston. South End Press,
1979), Stambler and Stambler, Competition in the Photovoltaics Indus-
try, 2nd Ralph Flood, "Big Oil Reaches for the Sun," New Scientist,
November 12, 1981. Morris Adelman is quoted in Ralph Flood, "Big Oil
Reaches for the Sun."

23. Thc Japanese success in amorphous silicon is described in Douglas L.
Finch, "The Japanese Photovoltaic Threat," Solar Age, February 1981,
R. Ferber and K. Shimada, "Japanese Photovoltaic R&D;" U.S1 Jet
Propulsion Laboratory, Pasadena, Calif., unpublished, 1982, and May-
cock, "My Fact Finding Tour." European firms' progress is described
in William J. Murray, "The Europeans 2re Coming," Solar Engineering,
September 1981. A particularly exciting joint venture in amorphous
silicon technology was announced by ,the Sharp Corporation in Japan
and Energy Conversion Devices in the United States in 1982, described
in Burt Solomon, "Sharp, ECD to Produce Silicon Cells in Japan,"
Energy Daily, June 22, 1982.

24. A good analysis of the evolving international market is Science Applica-
tions, Inc., Characterization and Assessment of Potential European and
Japanese Competition.
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Roberts and Thomas A. Downer, "The Design Tradeoff for the Mid to
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National Passive Sola Conferince, 2nd Burt E. Nichols and Steven J
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Projects Round the World," World Solar Markets, December 1981,
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Intelligence Report, May 17, 1982, "ARCO to Build 1-MWePV Array,
Sell Power to SoCal Ed," Soar Energy Intelligence Report, April 5,
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33 The U S, photovoltaics goals are stt forth in U.S Congress, ASolar

Photovoltaic Energy Research, Pevelopment, and Demonstration Act
of 1978," Washington, D.C., 1978 and U.S Department of Energy,
Multt-Year Program Plan. A "maximum practical" figure of i o quads
for the year 2000 was used by the landmark study, Domestic Policy
Review of Solar Energy (WashingtOn, D C. U.S. Department of En-
ergy, 1979) A good 1982 review of these goals and the meager chances
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Chapter 6 'Wood Crisis, Wood Renaissance
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"Fuelwood. The FInvate Energy Crisis of the Poor," Ceres, July/August
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'.. j E.M. Arnold and Jules Jongma,_Tuelwood anciCharcoal in Develop-
ing Conntries," Unasylva, Vol. 29, No. 118, 1978._
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in the Third World is from Douglas V. Smith, "Rural Electrification or
Village Energization?," lnterciencia, March/April 1980.
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57 New England River Basins Commission, "Potential for Hydropower
Development at Existing. Dams in the Northeast," Physical and Eco-
nornic Findings and Methods, Vol. I (Boston. January 1980).

58 For a discussion of the limited power producers section of the Public
Vtility Regulatory Policy Act of..1978, see Reinier H. J. H. Lock, "En-
couraging Decentralized Generation of Electricity. Implementation of
the New Statutory Scheme," Solar Law Reporter, November/Decem-
ber 1980 For p discussion of the institutional barriers to smill-scale
hy o renovation, see Peter Brown, "Federal Legril Obstacles and Incen-
t es to the Development of the Small Scale Hyaroelectric Potential of

e Nineteen Northeastern United States," Energy'Law Institute, Con-
cord, N H , 1979 For a summary of federal governmenf small-scale
hydro power programs, see U S Congress, General Accounting Office,

. "HydropowerEnergy Source Whose Time Has.Come Again," Janu-
ary I I , 1980. .

59 Solar Energy Research Institute, "Hydroelectric Power," Appendix C of
Solar Energy Research Institute, A New Prosperity. Building a Sustain-

et

40

. 3 79

vo



. 366 Notes (pages 186-197)

able Puture (Andover, Mass.. Brick House, 1981), U.S. Congress, Gen-
eral Accounting Office, "Non-Federal Development of Hydroelectric
Resources at F'ederal DamsNeed to Establish a Clear Federal Policy,"
Washington, D.C., September 1980.

6o. Todd Crbwell, "Grand Coulee Dam. Growing, Changing Hydropower
Giant," Christian Science Monitor, August 27, 1980; G. Weber et al ,
"Uprating Switierland's Hydro Plants," Water Power and Dam Con-
struction, February 1978, Gladwin Hill, "U.S. May Add 200 Feet to a
California Dam," New York Times, January 18, 1979.

61. Por mformation d n use of hydro plants for peaking, see Gordon Thomp-
son, "Hydroelectnc Power in the USA. Evolving to Meet New Needs,"

Center for Energy and Environmental Studies, PrincetodUniversity,
1981. Global pumped storage figure is from "Report of the Technical
Panel on Hydropower," prepared for the United Nations Conference on
New 2nd Renewable Sources of Energy, Nairobi, Kenya, August 10-21
ror a discussion of the role of pumped storage in highly 'developed
electricity systems, see A. M. Angelini, "The Role of Pumped-Storage
in Western Etirope," Water Power and Dam Construction, June 1980
and Orval Burton, "Hydro-Power and Pumped Storage in the NOrth-
west," Energy and Water Resources (Washington, D C; Water Re-

\ sources Research Institute, January 1977).
62. "Canadians Utilize Hydroelectric Power," Journal of Commerce, Febru-

ary 25, 1981, Costa Rican information from "Power on Tap," &lip-
money, August 1980,

63. K. Goldsmith, "The Role of Swiss Hydro in Europe," Water Power and
Dam Construction, June 1980, Richard Cjitchfield, "Nepal. Majestic
Mountains, Snowcapped Riches," Christian Science Monitor, Novem-
ber 1, 1978. For a discussion of the parallels between Nepal 2nd Switzer-
land, see Robert Rhoades, "Cultural Echoes Across the Mountains,"
Natural History, January 1979.

64. Hydropower provides 90 percent of Brazil's electricity. Output increased
at all average annual rate of. i 1 percent over the last decade. Assy

Wallace, "Brazil Moves Toward Energy Self-Sufficiency," SoffEnergy
Notes, April 1980, Eric Jeffs, "Hydro to be Main Power Source for
Venezuela," Energy International, June.,1980; Conrad Manly, "Mexico

. Turns to Water Power," Journal of Commerce, September 17, 1975; P.
M. Belliappa, "Planning of Hydropower and Future Prospects of Hydro-

, power Development in India," Indian Journal of Power and River Valley
N

Development, July/August 1981.
IC

\

65. World Energy Conference, Survey of Energi, Resources For a discussion
of foreign exchange considerations in Chinese hydro development, see

E
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U S. Central Ink Hance Agency, Electnc Power for China's Moderni- ,

zation. $

Chapter 9. Wind .Power: A Turning Point

I Wind patterns worldwide are discussed in Carl Asphden, "Technical
Note on-Wind Energy" (Preliminary), World Meteorological Organiza-
tion, Geneva, July 1984, and Nicholas P. Cheremisinoff, Fundamenials
of Wind Energy (Ann Arbor, Mich.. Ann Arbor _Science Publishers,
197i).

. z. M R Gustayson, "Limits to Wind Power Utilization," Science, April
6, 1979.

3- Wind power's early history is 'discussed in Walter Minchinton, "Wind
Power," History Today, March 1980, E. W Golding, The Ceneration
of Electricity by Wind' Power (London. E. dr F.N. Spon, Ltd., 1930,
and Vplta Torrey, Wind-Catchers American Windmills of Yesterday
and Tomorrow (Brattleboro, Vt.: Stephen Greene Press, 1976).

4. Ibid.
5 The six million wind pumps estimate is from Frank R. Eldridge, Wind

Machines (New York. Van Nostrand Reinhold Co., 1980). The Fraen-
kel quote is from Peter L. Fraenkel, ;The Use of Wind Power for
Pumping Water," a contributioulat_The British Wind Energy Associa-
tion Position Paper on Wind'Pdwer, 1980..

6 'Cheremisinoff, Fundamentals of Wind Energy, Eldridge, Wind Ma-
Chines, V Daniel Hunt, Windpower. A Handbook on Wind Energy

1Conversion Systems (New York Van Nostrand Reinhola Co., 1981).
7. The NASA Lewis Research Center, Wind Energy Developments in the

Twentieth Century (Cleveland, Oh.. National Aeronautdios and SPace
Administration, 1979)

8 Efficiency figures are from Hunt, Windpower. The five,Year energy
payback period is a conservative estimate, in most cases it will be even
lower. See Lockheed California Company, Wind Energy Mission Andy-
lis (Burbank, Calif. . October 1976), and Institute for Energy Analysis:.
"Net Energy Analysis of Five Energy Systems," Oak Ridge Associated
Universities, Oak Ridge, Ttnn., unpublished, September 1977.

9 Cheremisinoff, Fundamentals of Wind Energy, Hunt, Windpower.
lo. A broad view of worldwide wind availability.is included in Pacific North-

west Laboratory, "World-Wide Wind Energy Resource Distribution
Estimates," a map prepared for the World Meteorological Organization,
1981. . . .

1 i. The estimate of . oximately Ore million wind pumps is widely used

,
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(see, fos example, Fraenkel, "The Use of Wind Power for Pumping
Water") but is not based on an actual survey. The energy-capacity
estimates are based on data from Kenneth Darrow, Volunteers in ASia,
private communication, May 28, 1981.

12. A good overview of wind-pump technology 2nd related issues is found

in Steve Blake, 'Wind Driven Water PumpsEconomics, Technology,
Current Activities," Sunflower Power Company, Oskaloosa, lahsas, pre-
pared for the World Bank, unpublished, December 1978.,

1,3. Information on the wind-pump industry is from Alan Wyatt, Volunteers
in Technical Assistance, 2nd Peter Fraenkel, Interniediate Technology
Development Group (ITDG), private communications, April z8 and
May 13, 1981.

14. These points are discussed in Marshal F. Merriam, "Windmills for Less
Developed Countries," Technos, April/June 1972, and in H. J. M.
Beurskens, "Feasibility Study of Windmills for Water Supply in Mara
Region, Tanzania," Steering Committee on Wind-Energy for Develop-
ing Countries, Amersfoort, Netherlands, March 1978 Zambia example
is from Alan Wyatt, Volunteers in Technical Assistance, private com-
munication, April 28, 1980. . -

15. Peter L. Fraenkel, "The Relative Economics'of Windpumps Com-
pared with Engine-Driven PumpS," ITDG, London, unpublished, 1981
Studies in India are described in "Report of the Technical Panel on
Wind Energi,'; prepared for the United Nations-Conference on New
and Renewable Sources of Energy, Nairobi, Kenya, August' 10-21,
1981. .

16. Various simple wind pump designs aye described in Blake, "Wind
Driven Water Pumps," and Ken Darrow, "Locally Built Windmills 2S
adAypropnate Technology for Irrigation of Small Holdings in Develop-
ing tountries," Volunteers in Asia, Stanford, Calif unPublished, Feb-
ruary 26, 1979

17. Victor Englebert, "The Wizard of Las Gaviotas," Quest, May '1981.
Information on the ITDG design from Peter Fraenkel, private commu-
nication, May 13, 1981

18. See for instance Darrow,'"Locally Built Windmills,"
19. The most detailed study of the feasibility of using sails on modern

commercial ships is Lloyd Bergeson, Wind Propulsion for ShiPs of the
American Merchant Marine (WashingtOn, D.C.: U S. Maritime
Agency, 1981).

zo, The Phoenix and the Mini Lace are described in Christopher Pope,'
"Saving on Sail," Renewable Energy News, June 1982. The Japanese
tanker is described in Wesley Marx, "Seafarers Rethink Traditional

, .
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Ways of Harnessing the Wind for Commerce," Smithsonian, Decem-
ber 981

i i Philippines and Sri Lanka efforts are described in "Fishers Take Forward
Step 13dck to Sailing," Christian Science Monitor, April 19,1982 Lloyd
Bergeson is quoted in Pope, "Saving on Sail" ,

22 The estimate of 26,000 wind turbines is from Carl Asp liden, U S. De-
partment of Energy, private communication, June 4,1981 Cost esti-
mate of over zoo per kilowatt hour is from Theodore R Kornreich and
Daryl M Tompkins, "An Analysis of the Economics of Current ,Small

'Wind Energy Systems," presented to the U.S. Department of Energy's
Third Wind Energy Workshop, Washington, D C. May 1978. A figure
of 500 to $1 per kilowatt-hour is used in "Report of the Technical Panel
on Wind Energy "

23 Small wind turbines are discussed in detail M Dermot McGuigan, Har-
. nessing the Wind for Home Energy (Charlotte, Vt . Garden Way Pub-

lishing, 1978), and in Jack Park and Dick Schwind, Wina Power for
Farms, Homes, and Small Industry (Springfield, Va . National Technical
Information Service, 1978) Informatioit on Deninirk`from B. Maribo
Pedersen, "Windpower in Denmark," presented to the, California En-

_

ergy Commission Wind Energy Conference, Palm Springs, Calif., April
6-7,1981 (referred to in follOwing notes as Palm Springs Wind Energy

iConference)
24. U S small wind systems on the market today are described in Rockwell

Intprnational, "Commercially Available Small Wind Systems and
Equipment," Golden, Colo , unpublished, March 31,1981. The 2,400
wind machines figure is from Tom Grey of the American Wind Energy
Association, private communication, September 21,1982.

25 W S Bollmeler et al., Small Wind Systems Technology Assessment.
State,of the Art and Near Term Coals (Springfield, Va . National Trch-
nical Information Service, 19861

26 Ned Coffin is quoted in Frank Farwell, "New Energy. A Burgeoning
Business in Windmills," New York Times, April 27, 1986. Potential for
assembly line Manufacturing is discussed in Wind Energy Program,
"Conufierciahzation Strategy Report for Small Wind Systems," U.S.
Depar rit of Energy,,Washington, D C., unpublished, undated, and
Bollmeler e , Small Wind Systetns Technology Assessment.

27 Cost-of-electric y figures are at best approximate, and sev al manufac-
turers claim their machines can generate electricity for lcJt11ff x 50 per
kilowatt-hour The actual figures, however, are usually higher See Boll-
meler et al , Small Wind Systems Technology Assessment, and "Report
of the Technical Panel on Wind. Energy."
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28. Eldridge, Wind Ma
and David A. Pet

ch. Kt H. Hohenemser, Ahdrew H. P. Swift,
, A De nitive Generic Study for Sailwing Wind

Energy Systems (Sp 'ngfield, Va.. Nafional Technical Information Ser-
vice, 1979); Irwin E,Vas, A Review of the Current Status of the Wind
Energy Innovative Systems Projects (Springfield, Va.. National Techni-
cal Information ServiCe, 1980).

29. D. E. Crontack, Investigation of the Feasibility-of Using Wind Power for
Space Heating in Colder Climates (Springfield, Va.: National Technical
Information Service, 1979).

30. 'The U.S. Department of Energy wind power program is based-on this
premise, which is discussed in Lockheed California Company, Wind
Energy Mission Analysis, ana in Giant Miller, 'Vissessment of Large
Scale Windmill. Technology and Prospects for Commercial Applica-
hon," working paper submitted to National Science FoundatiOn, Wash-
ington, D.C., unpublished, Selitember 8, 1980. Some wind power ex-

. perts disagree with these claims for the economic superiority of large
wind -machines, noting that theoretical cost savings may not be realized
because a the complex engineering that must go into large turbines.

31. The woo homes figure is based on the assumption that an average house
uses 800 kilowatt-hours of electricity pier month and ihat a 4-niegawatt
wind machine operates at 2 capacity factor of 30 percent Assurbing that

COal or nuclear plant operates at 2 capacity factor of 6o percent, it takes
a 2,000-megawatt wind farm (500, 4-megawatt machines) to generate as

much power as 2 large 1,000-megawatt coal or nuclear plant.
32. Large-scale turbine technology is discbssed In NASA Lewis Research

Center, "Wind Energy Developments," in Eldrige, Wind Machines,
and in "Going with the Wind," EPRI Journal, March 1980.

33. The NASA program iI"tliscused in NASA Lewis Research Center,

. "Wind Energy Developments," and in Miller, "Assessment of Large
Scale Windmill Technology." See also Ray Vicker, "PG& Hopes to
be Buying Electricity from Biggest U.S. Wind Farm' by 5," Wall
Street fou'rnal, November ii, 1982.

34. Benda program is described by David Taylor, Bendix Corporation,
private communication, March 23, 1981,0 Hamilton Standard program
is described' by Mr. Wolf, Hamilton Standard Company, private com-
munication, March ;3, 1981,

35. B. Maribo Pedersen, "The Danish Large Wind Turbine Program,"
presented to the Wind Energy Workshop on Large Wind Turbines,
NASA Lewis Research Center, Cleveland, Ohio, April 1979; "Great
Britain to Build 3 MW, 250 KW WECS," Wind Energy Report,
January 1981.
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36. Naiional Research Council of Canada, "Canadian Wind Energy Re-

search and Development," Ottawa, unpublished, undated, Paul N Vos-
) buret and John E Primus, "Wind Energy for Industrial Applicatiorts,"

IE Conference Proceedings, conference site unknown, Fall 1980
37 The involveMent)of U S utility companies in wind-power projects is

described in Elizabeth Baccell, and Karen Cordon, Electric Utility,Solar
Energy Activities 1981 Surny (Palo Alto, Calif Electric Power Re-

search Institute, 1982) British utility programs are described in R H
Taylor and D. T Swifthook, "Windpower Studies in the C.E.G.B ,"
presented to the U S Department of Entrgy's Fourth Biennial Confer-
ence and Workshop on Wind Eaergy, Washington, IIC, October
29-31, 1979 The Dutch program is described in "Dutch to Build io
MW Windfarm," World Saar Markets, March 1982

38 U.S Windpower's program is discussed in Ellen Perky Frank, "Break-k
mg the Energy Impasse," New Roots, (month-unknown) 19;79, and in

''World's First SWEoS Windfarm Built on Mountain Ridge in New
Hampshbre," Wind Energy Report, January 1981 The Hawaii project
is described 111 Jane Wholey, "Hawaii New Dynast; in Renewable
Energy," Solar Age, May 1981 See 'also Christopher Pope, "Windfarm-
mg Cams Ground in U S Market," Renewable Energy,News, February

.. 0
1982 .

39 -For more.information ofi California's wind farms see, California Energy
Commusion, Wind / nergy Program Progress Report (Sacrarnepto,.
Calif 1982) and evelopment Fast 2nd Furious in Four of California s
Wind-Swept Mountain Passes," Renewable Energy News, May 1982.
The 1982 California wind farm statistics and.goals are from Kathleen
Cray, California Energy Commission, private communication, Septem-

ber 27, 1982 .

.1' 40 Cost estimates for Denmark are from Pedersen, "Windpower in Den-

mark British estimate is from David Lindley 'of Taylor Woodrow
Construction Ltd. aLthe Palm Springs Wind Energy Conference U S
estimate is from Robert Lowe, "Expected Electricity Costs for the U S

Mod-2 Windmill,4 Energy Policy, December 198o, and Miller, "Assess-

ment of Large Scale Windmill Technology "
41, Roderick Nash, "Problems in Paradise Land Use and the American

Dream," Environment, Julf/August 1979. Land use figurcs arc authors'
estimates based ,on wind resource surveys in California See Californiai

Energy Commission, "Wind Energy Assessment of California," Sac-
ramefito, Calif , unpublished, March 1981, and Michael Dubey and Ugo

. Coty, Impact of Large Wind Energy Systems in California (5acramento,

Calif California Energy Commission, 1981)
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42 Dubey and Coty, Impact ,of Large Wind, Energy Systems. The wind
, turbines cannot be packed too deniely onto a site since blad,-caused

Wind turbulence causes them to inttbrfere writh one another This leaves
ample room for livestock grazing between the wind machines. One area

1 where land use conflicts have arisen is the and San Gorgonio Pass,in
California, one of the state's richest wind power sites. The U S. Bureau
of Land Management has recommended that wind farm development
there be limited so that 'scenic values are maintained. See U.S. Qepart-
ment of the Interior, Bureau of Land Management, Final Environmgn-
tal Impact Statement on the San Gorgonio Pass Wind Energy Project
(Washington, D.0 1§82) Another land use conflict is described in
Lincoln Sheperdson, "Veynont Citizens M6ve to Protect National For- ' i
est from Wind Turbine," Canadiim RenreWalle Energy News, becem-
bei 1980 The io ib .25 percent figure is the authors' estimate based on
data described-above.

.

43 Noise was a,particular problem for one of the U.S. Department of
Energy's early experimental wind machines erected at Boone, North
Carolina, in 1979 Called a Mcid-i, the machins several 'flaws and
has operated only intermittently Recently develod large turbines such
as the Mod-2 have not had thisiproblem. Wind turbineregulations for
Lincoln, Nebraska, and Boulder County, Colorado, are described in .

David Morris, Self-Reliant Cities (San Franciscis Sieira Club Books,
1982)

44 D L Sengupta and T E. A Seniork "Electromagnetic-Interference to
'TV Iteception Caused by Windmills," resented to the U.S. Depart-

t ment of Energy's Third Wald Energy Workshop, Washington, D.C.,
.,-.

. May 1978.
45 Favorable results of surveys carried out at experimental tuitine locations

described by Robert Noun, U.S Solar Energy Research Institute, speech
at Palm Springs Wind Energy ConferenCe. '

46 The reliability issue is discussed in "Wind and Utilities," Wind Power
Digest, Fall 197,9, and W. D. Marsh, Requirements Assessmexas of
Wind Power Plants in Electric Utility Systems (Palo Alto, Calif.. Electtic
Power Research Institute, r979). An energy analyst in Austeglia has
calculated that for small electricity grids wind turbines have approxi-
mately the'same reliability as a nuclear power plant,4s reported in Mark

Di
ndorf, "Australian Wind Reliability," Wind Power Digest,Spring

isi81

A plaii to integrate wind power and hydropower is,described in Clifford
Barrett, "Bureau of Reclamation's Wind/Hydroelectric Energy Pro-
ject," presented to the LI S. I5epattment of Energy's Fourth Biennial

.47
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Conference and Workshop on Wind Energy, Washington, D C., Octo-
ber 29-31, 1979.

48 B Manbo Pedersen, Technical University of Denmafk, private commu-
nication, April 6, 1981, Richard WI lharns, "An Update on Activities at
Rocky Flats," presented at the Fourth Biennial Conference and Work-
s*.

49 U S Government funding levels are from Tom Grey, American Win,d
Energy Association, private communication, September 21, 1982 Some
of the commercial wind farm projects in the U.S are premised on
further govanment support to perfect the "Mod-i" turbine design and
-develop two more-advanced and less-expensive "Mod-5" turbines de-
signed by Boeing and General Electric As of late 1982 this program is
going ahead on a 50-50 cost shanng basis between the government arid
the companies according to Tom Grey, but the pate has slowed since
1980. For an overview of U.S. Government support ol wind power prior
to the 1981 budget cuts, see U.S Pepartment of Energy, "Federal
Wind Energy Program Fact Sheet," Walington, D.C., unpublished,
June 25, 1910, and Kent Rissmiller and Larry M Smukler, "An Analysis
of the Legislative Initiatives of the ,96th Congress to Accelerate the
Development and Deployment of Wind Energy Conversion Systems,7.,
Energy Law Institute, Concord, N.H., unpublished, June 17, 1980.

50 California Energy Commission, "Wind Energy Assessment of Califor-
ma," Nancy Phillips, "Wind Farms Blow U S Land Prices Sky High,"
Canadian Renotable Energy News, April 1981.

5; Wciad Meteorological Organization activities, are described by Carl
Aspliden, U S Department of Energy, private communication, June 4,
1981. The World Meteorological Organization map is from Pacific
Northwest ,Laboratory, "Worldwide Wind Energy Resource Distribu-
tion Estimates 4

52 Information on availability of sufficient wind for wind pumps is from
Alan Wyatt, Volunteers in Technical Assistance, and Peter, Fraenkel,
Intermediate Technology Development Group, private communica-
tions, April 28 and June 2, 1981.

53 "Danes Sail Ahead with Wind Power," New Scientist, July 2, 1981

54. Arthur D Little, Inc , Near-Term High Potential Counties for SWECS,
Final Report (Springfield, Va.. National Technical Information Service,
1981).

55 The North Sea study was described by David Lindley of Taylor Wood-
row construction Ltkat the Palm Springs Wind Energy Conference
and in Judy Redfearn, "The ProsPect for Ocean-Going Windmills,"
Nature, April 24, 1980.
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56 Some of the best material on global wind availability is -included In
Pacific Ilorthwest Laboratory, "World-Wide Wind Energy Resource
Distribution Estimates." Th?s IS a broad view of wind availabilitY, and
more detailed material i.s available only on a limited, regionl basis The
estimates of wind power's potential contribution are the authors', based
on regional estimates made in Lockheed California Company, "Wind

is$Energy ission Analyiis," in Matami Ginosar, "A Proposed Large-
Scale Wi d Energy Program in Californiar Enere Sources, Vol. 5, No,
2, 194o, in Dubey. and Coty, Impact of Large Wind Energy Systems in
California, and in Redfearn, "Prospect for Ocean-Going Windmills."
The calculations on wind's energy potential are based on the assumption
that wind machines operate on average at 30 percent of rated capacity
compared to 45 percent for hydro dams in recent years In 1979, a hydro
capacity .of 44o.5 gigawatts provided 1.72 million gigawitt hours Of
electricity. Total wofld electricity4generating capacity in 1979 was 2,914
gigawatts. These numbers are from United Nations, 1979 Yearbook of
World Energy-Statistics (New York. 1981). The primary energy figure,
is derpfed by assuming that it takes to 7 exajoules ol primary energy (the
equivalent of, 366 million fons of coal) to gAierate a million gigavott
'hours of eleitricity. .. 4 .

1

Chapter 10. Geothermal Energy: The Powering Inferno'

For a discussion of the origin of the earthl heat, see Encyclopaedia
Britannica, 15th ed., s.v., "Earth, Heit Flow In."

2. Estimate of current geothermal energy use is derived from Ronald
DiPippo, "Geothermal Power Plants. Worldwide Survey of July 1981,"
presented to the Geothermal Resources Council Fifth Annual Meeting,
Houston, Tens, October 25-29,1981, "Report of the Techuical Panel
on Geothermal Energy,". prepared for the United Nations,Conference
on New and Renewable Sources of Energy, Nairobi, Kenya, August
10-21, 1981, ana Ión Gudmundsson, Department of Petrokum Engi-
neenng Stanford University, private communicatiog November 24,
1982. The estimates on number of houses that could be served assume
an average heating requirement of 145 gigajoules per year and an average
electricity requirement of 800 kilowatt hours per month Geothermal
power plaots arcassumed tO operate on average at 70 percent of capacity

_Total capacit)iTn 1981 was approximately-e5oo megawatts.
3. Average thermal gradient is from Donald White, Characteristics of

Geothermal Resources," in Paul Kruger and Card Otte, eds., Ceother-
nal Energy (Stanford, Calif.. Stanford Universityi'ress, 1973) 'Mut-

.
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mum temperature gradient it from Vasel Roberts, Electric Power ke-
search Institute, private communication, April 26,'1982.

4 The world's geothermal zones are described in Erika Laszlo, "Geother-
mal Energy An Old Ally," Ambio, Vol. 1,0, No. 5, 1981.

5 For further discussion of hydrothermal systems, see White, "Character-
istics of Geothermal Resources."

6 For further discussion of geopressured systems, see U.S. Congress, Gen-
eral Accounting Office, Geothermal Ensip. Obstacles and Uncertainties
Impede Its Widespread Use (Washington,'D.C.. January 18, 1980).

1 7 Estimating the total amount of useful energy contained in ihe earth is

difficult, but experts agree that the ultimate potential is staggfnng. Vasel
Roberts of the Electric Power Research Institute estimates that the
portion that is potentially useable is roughry 25,000 exajoules (EJ) for
power generation arid 3 million EJ for direct use. About zo percent of

'this peftential is believed to be exploitable using curnTt technology, or
5,000 EJ for electricity generation 2nd 6co,000 EJ for direct use. To-
gether, this is enough energy to provide for our current level of energy
ur for almost 2000 years. See Vasel Koberts, "Geothermal Energy," in
Advances in Enere Systems kid Technology, Vol I, 1978

8 William W Eaton, Geothermal Energy (Washington, D.C.. U.S. En-
ergy Research and Development Administration, 1975), "Report of the
Technical Panel on Geothermal Energy."

9 Description-of baths in Japan is from John W. Lund, "Direct Utilizatioh
the International Scene," Ceo-Heat Utilization Center, Oregon Insti-
tute of Technology, Klamath Falls, Oregon, unpublished, Undated. Esti-
mates of energy saved by Japanese baths and geothermal applications
in Thailand and Me4ico is from JOno,S,,litinar Gudrramdsson and Gud-
mondur Palmason, :World Survey of Low-Temperature Geothermal
Energy Utilization," prepared for the-United Nations Conference on
New and kenewable Sources of.Energy, Nairobi: Kenya August
10-21, 1981 Geothermal use in Guaiemala was noted by Kathleen
Courrter, Center fdr Renewable Resources, private xommunication,
June 12, 1982. ,

io. Information on Idaho aquaculture facility is from "Energy Researchers
Are Getting Into Hot Water," New York Times, December 14, I980.
Description of greenhouse apphcations in littod, "Direct Utilization,"
and Gudipundsson and Palmason, World Survey.

1 1 Industrial uses in leerand and New Zealand are described in Paul J.
Lineau, "Geothermal Resource Utilization," presented to American
Association for the Advancement of Science Annual Meeting, Washing-

., ton, D C January 3-8, 1980 Onion dehydration pinject is described

3 89



\376 Notes (pages 222-223).
.

in Joe Glonoso, "GeothermSI Moves Off the Back Burner, Part II,"

Energy Management, October/November, 1980 .

:2. Paul J. Leinau apd John W. Lund, "Utilization and Econo ics of

Geothermal Space Heating in Klamath Falls, Oregon," Geoth t'Utili-
zation Center, Oregon Institute of Technolo , Klamath Falls Oregon,
unpublished, undated. The life-cycle cost arls is from rohn W
Lund, "Geothermal Energy Utilization for the H eowkr," Geo-Heat
Utilization Center, Klamath Falls, Oregon, unppblished, December,
1978.

13. "Basic Statistics of Iceland," Ministry of Fnreign Affairs, lieland, April
1981, Cudmundsson and Palmason, World Survey. The comparison

with oil costs is from "Hitaveita Reykjaviltur," a government pamphlet

describing Iceland's district heat programs,. undated: :

14. All existing geothermal district heating systems have proved economical

according to Paul J. Lineau, "Space afiditioning. with Geothermal
Energy," Geo-Heat Utilization Center, Klamath Falls,;Oregon, unpub.
lished, undated.

15. Estimate of number of groundwatekheat pumps in q:s. is from Robert
Hoe, Vanguard Energy systems, private communicatiOn, May 12, 1982'
Jay Lehr, president of the National'Well Water ASOCiation,
ally predicts that by the end of this decade all new fite-standing houses

. in the U.S. built on quarter-acre or larger lots will b0eated by grotmd-
water heat pumps M Gene Bylinsky, "Water to Burn," Fortune, Octo-

20, 1980. For more information on heat pump* see Wim Sumner,

Anlrrtic4uction to Heat PurriPs (Dorset, Englan& Prism Press, 1976),

Dana M. Armitageet al., "Groundwatel Heat Pumps. An Examination
of HydrAgeologic, Entironmental, Legal, and Economic Factors Affect-
ing Their Use," National Well Water Association, Worthington, Ohio,
unpublished, November 12, 198o, and Paul Lineau, "Heat Pumps and

Geothermal," Ceoltleat Utilization Center Quarterly Bulletin, March

1980.
Geothermal power figures are from Difippo, "Geothermal Power
Plants." Although geothermal projects can bi as lyge as .1,CCO mega-
watts, the individual power plants are kept small to avoid the costly and
wasteful long.distance transportation of hot water and steam '

17. For a thorough discussion of the different electricity-gen-erating tec

nelogies and operating experience to date, see Ronald DiPippo, Ceother-(
mal Energy as a Source of Electricity (Washington, D.0 U-S Depart-
ment of Energy, i98o)' . Information about the Geysers is from the '
Pacific Gas & Electric Company, "The Oeystrs Pbwer Plant Develop-
ment," unpublished, ,March 26, 1982. The figures in the table jse-,
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conserrativ,e since they simply show announced plans for various coun-
tries as collected by DiPippo and the UN Technical Panel The actual

. total could be much higler as shown by the ta6ct that the Philippines now
plans to have 1209 MW by 1989, compared with, the earlier estimate
of 1225 MW by 2000.

18 The W'airakei plant is described in DiPippo, othermal Energy as a
Source of Electricity. , . .

19 Fred L. Hartley, "The Future of Geothermal Energy as an Alternative
t nergy Source," presented to the Second .ASCOPE Conference and
Exhibition, Manila, Philippines, Ostober ro, 1981. ,

20 The prospects for double flash plants were described by David Anderson,
Geothermal Resources Oouncil, private communication, June i 87 1982.

. 21 The binary plant design is discussed in DiPippo, Geothermal Energy as
I a Sourcg of, ElectriFity, and U.S Congress, General Accounting Office,

Elimination of Federal Funds fot the Heber Project Will Impede Full
Development and Use of Hydrothermal Risources' (Washington, D.C..

. June 25, 1981) - .
.

22 Dual use of geothermal water in Japan is described in Wilson Clark and
Jake Page, Energy, Vulnerability, and War (New York. W W Norton
andCo , 1981) and by Jon Gudmundsson, private communication, April

, #
1982. A .

23 The .quality of Reykjavik geothermal water is discussed in Ilitaveiti
Reykjavikur .Projesf1 closings due to corrosion are described by James
Brezep U.S Department of Energy, private comniunication, December
18, 1981 Hydrogen sulfide emissions and control information are de-
scribed in DiPippo, Geothermal Energy as a Source of Electricity and
J Laszlo, "Application of the Stretford Process for HA Abatement at
the Geysers," Pacific Gas & Electric Ca, San Francisco, unpublished,

,. 1976.
24 DiPippo, Geothermal Energy as a Source of Electricity.
25 Rate of subsidence at Wairakei is discussed in "Geothermal Energyand

Our Environment," U.S. Department of Energy, Washington, D.0 ,
unpublished, undated. For general discussion of the envirodmental im-
pacts of geothermal develOpment, see M J Pasqualetti, "Geothermal
Energy and the Environment The Global Experience," Energy, Vol. 5,
No 2, 1980, and A J. Ellis, "Geothermal Energy Utilization and the
Environment," Mazingira, Vol. '5, No. 1.

26 "Thcklydrothermal Push Cools," Business Week, September 14, 1981.
27. Early test results are described in "SRI. Future Dim for Gulf Geother-

nWl Resources," Oil and Gas Journal, March 16, 1981. Disappointment
in t e oil industry was noted by David Anderson, Geothermal Resources

..°,
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Council, private communication, June 18, 1982 For more information
-on geopressured resources, see D. C. Bebout and D. R. Girtierrey,
"Geopressured Geothermal ResoUrce in Texas and Louisiana, Geologi-
cal Constraints," presented at the Geothermal Resources Council Fifth
Annual Meeting, Houston, Texas, October 25-29, 1981, and 0. C.
Kirkalits, "Economics of Energy'from Geopressured çeothermal Reser-
ioirs," also presented at the Geothermal Resources Council Fifth An-

:. nual Meeting. . .

28. The Cornwall project is sponsored by the British Government and the
EurOpean Economic Commission, while the Fenton Hill Project is being
undertaken bc, the governments of Japan, the United States and West
Germany. For more information on the Cornwall -project, see Anthony
S. Batchekir, "The Status of Hot Dry Rock in the United Kingdom,"
presented to the Third Annual Los Alamos National Laboratory Hot
Dry Rock Geothermal Information Conference, Santa Fe, New Mexico,
October 28-29,198o, and "Energy from Hot Rocks," Energy Manage-
ment, January 1981. For more information on the Fenton Hill project,
see G. A. Zyvoloski et al., "Hot Dry Rock Geothermal Energy," Ameri-

- can Scientist, July/August 1981, and E. I.,. Kaufman apd C. L. B.
Siciliano, eds., Environmental Analysis of the Fenton Hill Rot Dry Rock
Geothermal Test Site (Washington, D.C.. U.S. Department of Energy,
May 1979). For further discussion of hot dry rock, see Ronald G Cum-
mings et al., "Mining Earth's Heat. Hot Dry Rock Geothermal Energy,"
Technology Review, Febniary.1979, and M. C. Smith, "The Future of
Hot Dry Rock Geothermal presented at the Pressure
Vessels and Piping Conference, Sa Francisco, California, June 25-29,,
1979. .

...,

29. Temperatures of loo&G to i zoo*G have been encountered in volcanic

drilling tests in Hawaii according to Jon Gudmundsson, Stanford Uni-
versity, private communication, Apfil 25, 1981 Development plans f6r
the Avachinski Volcano were reported in "scoo MW Geothermal
Power Plant?," Energy in Countries with Planned Economies, Decem-

, ber 14, t977.1nformation on use of magma on island of Heimaey is from
Gudmundsson, private communication, 'April 26, 1982. Outlook for
magmatic energy is from "Report of the Technical Panel on Geothermal
Energy."

30. For 2n example of a national resource assessment, see L. J. lkuffler,'
ed., Assessment of Geothermal Resources of the United States-1978
(Washington, D... U.S. Geological Survey, 1970 Even in the U.S.,
which has conducted a relatively thorough resource assessment, an es-
timated 8o percent of the total resource has not been located according. .

."
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to the Interagency Geothermal Coordinating Council, Fifth Annual
Report (Washington, D.0 July 1981)

31 Legal status of geothermal energy is discussed in "Report of the Techni-
cal Panel on Geothermal Energy," and Kenneth A. Wonstolen, "Geo-
thermal Energy Basic Legal Parameters," presented at the geotheimal
Resources Council Fourth-Annual Meeting, Salt Lake City, Utah, Sep-
tember 8-11, 1980.

32 The Yellowstone controversy is discussed in Joan Nice, "Energy. Geo-
thermal Lease Plans Threaten Yellowstone's Geysers," Audubon, May
1982 Conflicts in Japan are discussed in "What About Qkothermal
Powers" PRIEE News, MayJuneJuly, 1982.

33 UniOn Oil's mle m the Philippines program is described in "Pacific's
Ring of Fire Spews Geothermal Electric Pow1r," Christian Science
Monitor, tSeptember 18, 1980. For a discussion of bi- and multi-lateral
assistance to developing countries, see James .B. Koenig, James R.
McNitt and Murray C, Garner, "Geothermal Power Developments in
the Third World," presented to the Geothermal Resources Council
Fifth Annual Meeting, Houston, Texas, Qctober 25-29, 1981.

34 A descriptiOn of the French program is found in Ministère de l'Industrie
du Commerce, et de l"Artisanat, La Geothermic en France (Paris.
1978) Iceland's program was described by JOn Cudmundsson, Stanford
University, private communication, April 25, 1982. The U.S. program
is described in "Federal'Cost-Sharing for Exploration of Hydrothermal
Reservoirs for Direct Applications," Division of Geothermal Epergy,
U S Department df Energy, Washington, D C., unpublished, 1980.

35 According to a study by the Electric Power Research Institute,;:lsepribed
in Bob Williams, "Actisn in Geothermal Energy Picking Up eed in
U S ," Oil and CaelouAnal, May 3, 1982, loss of federal support could
delay indefinitely development of about half of the easily exploitable
U 5 geothermal resources U.S, tax incentives are described in Richard
W Bliss, "Federal 1.,egislatior4 Affecting Geothermal Development,"
presented to the Conference on Geothermal Energy. The Institutional
Maze and Its Changing Structure, Newport Beach,Calif., December
1,-2, 1981 The question of the effectiveness and equitability of tax

. incentives is discussed in Charles V Higbee, "Pricing Direct-Use Geo,v,
thermal Energy," presented at the Geothermal Resources Council
Fourth Annual Meeting, Salt Lake City, Utah, September 8-11, 1980.

36 Financial and institutional issues surrounding district heat proiects aIC
discussed in Diana King, "District Heating. Legal, Institutional, and
Public Relations Aspects," presented to the Conference on Geothermal
Energy The Institutional Maze and Its Changing Structure.
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37. U.S. utilities' outlook on geothermal prAjxts is described in John T
Nimmons, "Current Public Utility Consiaerations for Geothermal
Power Producers and Direct Heat Distributors," presented at the Geo-

thermal Resources Council Fifth Annual Meeting, Houston, Texas,
October 25-29, 1981. teveral utilities in the western U.S. have gone
to great length to avoid geothermal involvement according to Bandy

Stephans, U.S. Department of Energy, private communication, De-
cember 29, 1981. The point regarding geothermal power's reliability
was made by R. P. Wischow, Geysers Project Manager for the Pa-
cific Gas & Electric Company, private communication, August 16,

1982.
38. Rate of growth of geothermal generating capacity since the mid-seven-C

ties is derived from Roberts, "Geothermal Energy," and DiPippo, "Geo-

thermal Power Plants." ProjeCtions of future use 2re based on "Report
of the Technical Panel on Geothermal Energy," and Roberts, "Geother-
mal Energy." ,

39. Current direct use figure is from Gudmundsson and P2lmason, World
Survey, and JOn Cudmundsson, Stanford University, private communi-
cation, November 24, 1981. Direct USC projections 2TC from Gudmunds-

sop, private communication, May 24, 1982, and Roberts, "Geothermal
Energy." Iceland's residential heating goal is from Cudmundsson and

Pilmason, World Survey. France's resource potential and utilization
goals are from "France 2nd Geothermal PowerA Source with 'Enor-
mous' Potential," Christian Science Monitor, October 1, 1980. Future

estimates are the authors'. .

40. Potentials in Canada, China and the USSR are from JOri Cuarriundsson,
Stanford University, private communication, November 24, 1981. Num-
ber of 'hot spots' in China from "China's Crowing Geothermal ME-7\4
Energy in Countries with Planned Economies, November 2, 1979. Di-
rect use projects in the U.S. are described in Casseliet al., ''National
Forecast for Geothermal Resource Exploratio'n and Development," pre-
pared for the U.S. Department of Energy, unpublished, March 31,

1982. .

41. National plans are from DiPippo, "Geothermal Power Plants " Mexico's
plans are described in "Report of the Technical PaneJ on Geothermal

Energy." The El Salvador figure is from DiPippo, Geothermal Energy

as a Source of Electricity.
42. The Philippines program is discussed in Bob Williams, "Many Coun-

tries Tapping Geothermal," Oi/ & Gas Journal, May lo, 1982, see also

Philippines Ministry of Energy, Ten-Year Energy Program. 1980-1989
(Manila: 1980).
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Chapter ii Working Together: Renewable Energy's
Potential

Authors' estimates are based on data from Organisation for Economic
Co-operation and Development (OECD), Energy Balances of OECD
Countries (Paris. 1978), Joy Dunkerley, ed , Intemakonal Comparisons
of Energy Consumption (Washington, D C.. Resources for the Future,
1978), U.S Department of Energy, Annualplieport to Congress, 1980
(Wastnirirtm, D.C,. 1981), and U S. Congress, OlAce of Technology
Assess , Residential Energy Conservation (N7ashington, D.C..

1979).
2., The potential for energy conservation in existing buildings is explored

in Robert H. Socolow, ed., Savino Energy in the Home. Princeton's
Experiments at Twin Rivers (Cambridge, Mass.. Ballinger, 1978). The
potential for energy conservation in new houses is explored in William
A Shurcliff, Superinsulated Houses and Double-Envelope Houses
(Cambridge, Mass privately published, 1980) Recent energ); trends in
buildings are from Eric Hirst and Bruce Hannon, "Effects of Energy
Conservation Jr1 Residential and Commercial Buildings," Science, Au-
gust 17, 1979, "Ener,gy Conservation," OECD Observer, November
1979, Joy Dunkerley, Trends in Energy Use in Industrial Societies
(Washington, D.C.. Resources for the Future, 1980 and International
Energy Agency, Energy Policies and Programmes of IEA Countries
1981 Review (Paris. Organisation for Economic Co-operation and De-
velopment, 1982).
Passive solar architecture is described in detail in Chapter 3 Thtoughout
this chapter we discuss renewable energy technologies that are explored
more fully in earlier chapters and rely on the reader to search out the
details. Estimates of future use that are not referenced are the authors'
and are based on material in earlier chapters.

4 Davis' programs and achieveinents are described in David Morris, Self-
Reliant Cities. Energy and the Transformation of Urban America (San
Francisco. Sierra Club Books, 1982).

5 Energy use in Japan's industry is discussed in International Energy
Agency, Energy Policies and Programmes Energy uie in .f:)viet industry

is discussed in U.S Congress, Office of Technology Assessment, Tech-
nology and Soviet Energy Availability (Washington, D.C1. 1981). En-
ergy use in the industries of rapidly industriahzing Third World coun-
tries is discussed in the World Bank, Energy in the Developing Countries
(Washington, D.C.: 1980)

6. Spending of energy-intensive U.S. industries is a U.S. Department of

4,
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Energy estimate cited in "Energy Conservation Spawning a Billion-
Dollar Business," Business Week, April 6, 1981 Energy use trends in
the ,mdustnal countries are found in International Energy Agency, En-
ergy`Policies and P!ogrammes.

7. Solar Energy Research Institute, A New Prosperity. Building A Renew-
*, able Energy Future (Andover, MaSS': Brick House, 498 1).

8! Food and Agriculture Organization of the United Nations, Energy for
World Agriculture (Rome. United Nations, 1979). In developing coun-
tries much of the energy used in agriculture is uncounted in these figures
If biomass energy and the work expended by people and draft animals
were included, agriculture ,Would claim a substantially larger share of

total energy use.
9. The potential uses of renewable energy in U S. agriculture arediscussed

in Kevin Finneran, "Solar on the Farm,"Sun Times, March/April 1982,
o. Walter G. Heid, Jr.,. U.S. Department of Agriculture, "Using Solar

Energy to Dry Crain,An Economic Evaluation:: paper presented at
the High Plains Energy Fortim, Dodge City, Kansas, October zo, 1979;
Walter C. Heid, Jr. and Warren K. Trotter, Progress of 'Solar Technol-
ogy and Potential Farm Uses (Washington, D.C.. U.S. Department of

Agriculture, 1982).
. Robert V. Enochian, Solar- and IVind-Fowered Irrigation Systems

(Washington, D.C.: U.S. Department of Agriculture, 1982).
12. The World Bank, Renewable Energy Resources in the Developing Coun-

tries (Washington, D.C.: 1980).
13. The results of the Conference are described in United Nations Confer-

ence on New and Renewable Sources of Energy, "Programme of Ac-
tion," Nairobi, Kenya, August 21, 1981. See also Charles Drucker,
"UNERC: UnfortunatelY Unproductive," Soft Energy Notes, Oc-
tober/November 198.1 , and Margarei R. Biswas, "The United Nations
Conference on New and Renewable Sources of Energy: A Review,"

- Mazingira, Vol. 5, No, 3,*1981.
14. Erik Eckholm, Planting for the Future. Forestry for Human Needs,

Worldwatch Paper 26 (Washington, D.C.. Worldwatch Institute, Feb-

ruary J979).
15. John Ashworth, "Renewable Energy for the World's Pair," Technology

Review, November 1979.
16. Although diesel engines are widely used in rural areas, there is a dearth

of surveys indicating their numbers and reliability Anecdotal evidence
provided by individuals who have traveled i)Itidely in developing countries
indicates that the machines are out of order more often than not This
issue deserves stiidy since if initial indications are right, diesel engines
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should beintroduced more carefully and in many cases be replaced by
renewable energyttechnologies.

17. Potential use of these technologies in the rural Third World is discussed
in John H. Ashworth and Jean W Neuendorffer, Matching Renewable
Energy Systems to Village-Level Energy Needs (Golden, Colo . U S
Solar Energy Research Institute, 1980), Gerald Foley, "The Future of
Renelivable Energy in Developing Countries," Ambia, Vol lo, No 5,
1981,4and World Bank, "Working Paper on Research and Technologi-
cal Capacity for.the Use of Renewable Energy Resources, Developing
Countries," unpublished, October 30, 1980.

18. This figure is hased on the world's using about 55 million barrels of oil
per day of which around 25 percent goes to ground 2nd air transporta-
hon. There are 159 liters in 2 barrel For more detailed breakdowns, see
U S. Department of Energy, 1980 International Energy Annual (Wash-
ington, D C.:.1981).

19. New cars sold in the United States averaged 14 2 miles per gallon in
1974 and 22.4 miles per gallon in 1980 ac-cording toEric Hirit et al.,
Energy Use from 1973 to 1980 'The Role of Improved Energy Efficiency
(Oak Ridge Tenn. Oak Ridge National Laboratory, December 1981).
The United States uses approximately loo billion gallons of gasoline
each year or ii 25 million gallons each hour at 2n average price of $1 25
per gallon. These figures c2n be found in U S Department of Energy,
Annual Report to Congress 198.0.

20. Synthetic fuels are discussed in more detail in Chapter 2
21. The prospects for electricity storage Ostems and electric cars are exam-

ined in U.S. National Research Council, "Energy Storike fgt. Solar
Applications:* unpublished, 1980, U.S Congress General Aciounting

.4. Office, Electric Vehicles. Limited Range and HiglkCosts Hamper Com-
mercialization (Washington, D.C.. 1982) and David Bloor, "Plastics
that Conduct Electricity," New Scientist, March 4, 1982.

22. The prospects for hydrogeri fuel 2re discussed in Peter Hoffman, The
Forever Fuel. The Story of Hydrogen (Boulder, Colo. Westview Press,
1981), Rif S. El-Mallakh, "Fuel kr Thought. The Hydrogen-Powered
Automobite7' Environment, April 1981. New processes for separating
hydrogen using sunlight directly arc being developed by several teams
of scientists, sec for example "LBL Develops Single, Inexpensive
Meth4for Dissociation of Water with Sunlight," Solar Energy Intelli-
gence Report," September 27 1982, and "Texas A & M Hails Cheap
Hydrogen," Energy Daily, Octhber 12, 1982.

23 Quote from Christopher Pope, "Slow Dov.J1 in tre Fast lane Transpor-
tation in the 80's," New Roots, Winter 1982.
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24..Authors' estimates based on Joy Dunker ley, Trends in Energy Use in ,
Industrial' Societies, and United Nations, 1979 Yearbook of World En-
ergy Statistics (New york: 1981).

25 -Ellish L. Armstrong, History of Public Works in the United States, *".a

1776-1976 (Chrgo American Public Works Association, 1976), How-
ard Brown and Tom Stomolo, Decentralizing Electrical Production
(New Haven, Conn.. Yale Universfty Press, 1981).

26 A good discussion of the difficultis utilitip face andoptions for alleviat-
ing them is found in John Bryson7Chainnan, California Public Utilities
Commission, "The Future of Electrical Utilities," uhpublished, 1981
and jallICS A. Walker, "It Takes Real Monty to Run Utilities. Costs of
Future Powet Options," California Energy Commission, unpublished, .

September 14, 1982.
27. U.S research into renewable e technologies is described

in Elizabeth Baccelli and Karen Gor lectric Utility Soler Energy
Activities. 1981 Survey (Palo Alto, Calif.. Electric Power Research Insti-
tute, 1982). California utilities' growing commitment to renewable en-
ergy sources is described in Phillip A. Greenberg, "Conservation and
Renewable Resources in California's Energy Future," California Gover-
nor's Office, unpublished, February 1982 and California Energy Com-
mission, "Exploring New Energy Choices for California: The
1982/1983 fieport to the Legislature unpublished, March 1982.

28 A program for combined development of wind power and hydropower
is described in Clifford Barrett, "Bureau of Reclamation's Wind/Hy-
droelectric Energy Pioject;" presented to the Fourth Biennial Confer-
ence and Workshop op Wind Energy, Washington, D.C., 'October
29-31, 1979,

29. John W. Shupe, "Energy Self-Sufficiency for Hawaii," Science, June ii,
1982, Philippines Ministry of Energy, Ten-Year Energy Program, 1980-
,989 (Manila. 1980), Bonneville Power Administration, "A Conserva-

. tion Manifesto," unpublished, January 26, 1982 BaCCelli and,Gordon,'
Electric Utility Solar Energy Activities. European wind power develop-
ment is described in Chapter 9.

. 30. It is not unusual fot.electricity costs to vary by a factor of five or ten for
individual power plants within the same utility grid. Renewable energy
technologies will make their first contribution as substitutes for the most
expensive sources and gradually phase out less expensive plants as the
new technologies matiiie.

31. This point is emphasized in World Bank, Energy in the Developing
. Countries (WaShington, D.C.: 1980).

32. This estimate and the figures in the table are based on the assessmenti
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of the individual renewabk energy sourccs in earlier chapters Generally
the potential of each energy source g discussed at the end of each

of`chapter
33 This slow growth in,energy use is likely to result from a combination of

price-,induced consenation and .moderate economic growth In most
industrial countries overall energy use will likely grow less than i percent
each year while in developing countries, 2 tO 4 percent per year is thi
likely growth rate

Chapter r2. Institutions for the Transition

1 Between 19oo and 198o the U S Government spent $1 billion on all:
renewable energy sources other than hydropower, $15 billion on fiydro-
power, and $240 billion op fossil and nuclear energy accvding to 11W.
Cone et ar.An Analysis of Federal Incentives Used to Stimulate Energy

tia Production, Battelle Pacific Northwest Laboratory report to U.S De-
partment of Energy, February 1980 This length'y report is summarized
in B W Cone and R H Bezdek, "FeCleral Incentves for Energy Devel-
opments," Energy, Vol 5, No 5, 'May 1980. For a description of
attitudes toward solar energy in the heyday of atomic energy erAhusiasm,
see Lamont C Hempel, "The Politics of Sunshine," Ph.D Diss , Clare-
mont College,. 1982 ... ,

2 International Energy Agency, Energy kesearch, Development and Dern-
onstration tri the lEA Countries, 1981 Review of National Programmes
(Pans. Organisation for Economic Co-operation and Development/
International Energy Agency, 1982) _

3 Ibid
4, For i discussion of budget cutbacks in the U.S , see Jim Harding,

"Reagan Cuts Solar," Soft Engrgy Notes, April/May 1981. Budget cuts
in the U.K are described in "Recession Bites into U.K. Solar," World
Solar Markets, November 1981 -

5 For a discussion of the management issucs common to all R&15 enter-
prises, see U.S Congress, Office of Technology Assessment, Govern-
ment Involvement in the Innovation Plocess (Washington, D.0 1979),
and J Herbert Holloman et al., "Government and the Innovation Pro-
cess," Technology Review, May 1979. For a provocative defense of
expanded, balanced energy R&D programs, see Don Kash et 21., Our
Energy Future. The Role of Research, Development, and Demonstration
in Reaching a National Consensus on Energy Supply (Norman, Okla
University of Oklahoma Press, 1976).

6 New Energy Development Organizahon and Japanese External T )1 de
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Organization, laPanese New Energy Technologies (Tokyo. 1981) EurO-
pean solar programs 2re discussed in Sherri Barron, "Iflmeria," Cana-
dian Renewable Energy News, November 1981, and French Solar En:
ergy Authonly (Commissariat a l'Energie Solaire), ;France and the
Development cif New and Renewabk, Energies," Aparecl for the
United Nations Conference on New anoi Renewable Sources Of Energy, -

Kenya,Augutt 10-21, 1981.
7J.For a-description of political meddling and vacillation in the U.S Go"v-

ernment's solgr energy program, see William Rice, "Cash FAA, in Con-
gress," Solar Age, October 1979, and U.S. Congress, General Account-
ing Office, "Loss of Experienced Staff Affects Corrervation and
Renewable Energy Programs," Washington, D.C., July 1982.

8. Allen L. Hammond and William D. Metz, "Solar Energy Research.
el Making Solar After the Nuclear Model?," Science, July 15, ,1977, W,

D. Metz, "Solar Thermal Electricity. Porr Tower Dominates Re-
search," Science, July zz, 1977, liay Reece, The Sun Betrayed. A Report
on the Corporate Seizure of U.S. Solar Energy Development (Boston,
Mass.: South End Press, 1979). ,

9. For discussion Of ,research priorities in biomass, see Roger Revellk
"Energy Dilemmas in Asia. The Needs for Research 2nd Development,"
Science, July 4, 1980, R. A. Yates, Iliomass Production Technology:
Current Status and Research Needs (Booker Agricultural International,
Ltd., July 1980, 2nd Committee on Foreign Affairs,,,U,S. House of -

Representatives, Background Papeit for Innovative Biological Technolo-
gies for the Lesser Develoied,,Oountries, an Office of Tech iology Assess-
ment Workshop, NoveMber 24-25, 1980 (Washington, D.C.: U.S. '

Government Printing Office, 1981).
10. For a discussion of the small wind turbine test center at Rocky Flats,

see Richard Williams, "An Update on'Activities at Rocky Flats," pre-
sented to the Fourth Biennial Conference 2nd Workshop on Wind
Energy, Washington, D.C., October 29-31, 1970 Denmark's small
wind turbine test center is described in B. Maribo Pederson, Technical
University of Denmark, private communication, April 6, 1981.

11. U.S. Congress, Office of Technology Assessment, The Role of Demon-
strations in Federal R &D Policy (Washington, D.C. July 1978), Frank-
lin it. Lindsay, "Financing High Cost, High-Risk Energy Develop-
ment," Harvard Business Review, November/December 1978.

I 2. R. S. Claassen, "Materials for Advanced Energy Technologies," Science,
Februiry zo, 1976, "GAO Finds Supply of Nine Minerals 'Critical' to '

Development of Alternative Energy," Energy & Minerals Resources,
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September 18, 1981, W B Big, "New Materials and Composites,"
Science, February zo, 1976, Harry Z Tabor "Materials Technology In 0,
The Harnessing of Solar Energy," Sunworld , April 1982

13 For a discussion of Third World research priorities, see World Bank,
Mobilizing Renewable Energy Technology in Developing Countries
Strengthening Local Capabilities and Research (Washington, D C July
1981)

14 For a discussion of resource assetsment, see National Academy of
Sciences, Proceedings International Workshop on Energy Survey Me-

. thodologies for Developing Countries, January 21-25, 198o (Washing-
ton, D C.. National Academy Press, r980).

15 Ivan Mich, "Vernacular Values," CoEvolution Quarterly, Summer
1980, Laura Nades et al , "Belief, Behavior and Technologies as Driving
Forces in Transitional StagesTRF People Problem in Dispersed En-
ergy Fututes," in Centralized vs Decentralized Energy Systems. Diverg-
ing or Parallel Roads', a report psepared for the Subcommittee on
Energy and Power of the Committee on Interstate and Foreign Com-
merce, U S House of Representatives (Washington, D C. Congressio-
nal Research Service, May 1979)

16 "Field Test Finds Solar Panels Fail Too Fast," The Energy Daily,
August 12, 1981, "High Winds Topple, Smash,Mirrors at France's
Prized Solar Station," The Energy Daily, January 21, 1982

17 U S tongress, General Accounting Office, Federal Demonstrations of
Solaik Heating and Cooling on Commercial Buildings Have Not Been
Very Effective (Washington, D.0 April 14, 143o)

18 For chnussion of the Sanman Gorge Dam and solar colleetors in the
Sahel, Ae Chapters 8 and 4.

19 John Ashworth, "Technology Diffusion Through Foreign Assistance
Making Renewable Energy Sources Available to the World's Poor, Pol-
icy Sciences, Summer t980, P Greenwood and C.W. Perrett, "Genera-
ting the Links Between Engine&s and Rural Villages, Papua New
Guinea," Opropriate Technology, March 1982...1

zo For a discussion of the role of "do-it-yourselfers"'arid bnkerers, see Harry
C. Boyte, The Backyard Revolution Understanding the New Citizens'
Movement (Philadelphia. Temple University Press, 1980), David Brand,
"Some Small Innovators Heat Homes by Sun, Light Them by Wind,"
Wall Street lourrial, March 18, 1975, and Stephen Salter, "The Perils
of Being Simple," New Scientisi, February 25; 1982.

2t. For more details on the China/India blogas comparisop, see Chapter 7.
22 Caroline E Mayer, "CPSC Wood-Stove Fires Doubld," Washington
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Post, December 18, 1981, Christopher Pope, "Specialization, Standards
and Speed, Hilmarks of Maturing Solar Installers Industry," Renewable
Energy News Nay 1982.

23 Villiam Ramsay and Elizabeth Shue, "Infraitructure Problems for
Rural New and Renewable Energy Systems," journal of Energy pnd
Development, Spring 1981.

24. The difficulties in regulating dispersed sources of pollution are desCribed
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Note on Energy Units

The reader deserves a brief explanation of the energy units
used here. This is an area of considerable confusion since
different organizations and countries continue to measure en-
ergy in differentunits. The,United Nations uses million metric
tons of. coal equivalent, the United States uses quadrillion
British Thermal Units (quads), and many oil companies use
barrels of oil equivalent.

We have adopted exajoyles because it is a standard metric
unit of energy not tied to any particular energy source. An
exajoule is a large amount of energyequivalent to 34 million
metric tons of, coal, or 163 million barrels of oil. (Fo'r the
convenience of Americans, there happen to be i.o6 exajoules
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39§ Note on Energy Units

in a quad.) An exajouje Of energy-is sufficient to heat and cool
approximately 7 million modern single-family residences for a
year, ancithe world uses appfoximately 350 exajoules of energy
annually.

Unless specified otherwise, all energy totals used here indi-
cate primary energythat is tbe amount of energy contained
in a particular fuel before it is burned (perhaps inefficiently) in
an engine or furnace. For a purely electricity-generating tech-
nology such as a nuclear plant or a wind turbine, the primary
energy figure in exajoules indicates the amount of fuel that
would have been burnecrin a typical coal-fired power plant to f-
generate that mucb electricity.

El coricity is mmonly measured thioughout the world in
kilowat r megawatts (i000 kilowatts). These figures specify
only the city to produce electricity or the output at any
given moment. By knowing the proportion of the time that a
power plant is operating, one can calculate the amount of
electricity generated in kilowatf-hours or megawatt-hours. Dif-
ferent types- of power plants operate at different average levels
of capacityknown as capacity factors (ranging from 20 to go
peicent). As a result, it is impossible to know automatically how
much ele4Ticity a megawatt of generating capacity rePreserit.s.
The world now has approximately.z million megawatts of gen-
erating capacity, and, assuming a capacity factor of 5o percent
that yields approximately g billion megawatt-hours of electric-
ity each year.
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Darrieus wind turbines, 205
deaths, from coal mining, 20-21
deforestation, 13=14, 107, 109-10,
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electricity (continued)
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geothermal energy (continued)
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industrial countries (continued)
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solar water heaters, see water

heaters, solar
SOrgh1011, aS energy crop, 243, 251
Source Phillipe, 67
South Africa, 58, 145, 167, 197
Southern California Edison, 103
South Korea, 15, 64

reforestation in, 128, 129
Soviet Union, 181, 241, 285, 288,

296, 310 .

coal in, 19, 20-21, 276
energy-price"structure in, 276
geothermal energy in, 222, 229,

234
hydropower in, 166, 167,

169-70, 176,.187, 189, 311
natural gas in, 17, is, 276
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